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Nomenclature 
a    the solute radius.  
a   the uncharged solute activity (mol/m³). 
ai   the activity of ion (i) in the solution (dimensionless).  
ai   the activities of ionic species (i) in the membrane. 
ai,m   the activity of ion (i) in the membrane (dimensionless). 
ai˚   the activities of ionic species (i) in the solution. 
ap   the activity coefficient of the penetrate. 
ai   the activity of ion (i) (mol/m³). 
A   the membrane surface area. 
Am   the membrane area. 
Aint   the internal surface area.  
Ao    the pore area where the solvent passes through it. 
A   the membrane area (cm²). 
Af  the free area that depends on the size and the shape of penetrate molecules.  
b   the friction factor.  
B the constant related to the minimum local free volume necessary to allow 
displacement.  
c  the equilibrium concentration of the solute in the solution (mmol/l).  
c  the uncharged solute concentration within the pore (mol/m
3
). 
cb  the solute concentration in the bulk concentration. 
cb
+
  the cation concentration in the bulk solution. 
cBL  the solute concentration in the boundary layer. 
cc  the concentrate solute concentration. 
cd  the solute dialysate inlet concentration.  
cf   the solute concentration in the feed (mol/l).  
cf,A  the concentration of component (A) in the feed.  
cf,B  the concentration of component (B) in the feed.  
cf,d  the solute dialysate inlet concentration.  
cf,i    the concentration of component (i) in the feed. 
cg  the gel concentration.  
cG  the gel layer concentration. 
ci  the concentration of component (i). 
ci  the concentration of ion (i) within the pore (mol/m³). 
ci   the concentration of component (i) in the membrane (mol/m³). 
cib  the concentration of component (i) in the bulk-feed solution.  
ci,o   the concentration of component (i) in the feed solution. 
ci,1
m
 the concentration of component (i) in the membrane where (1) is for 
feed/membrane phase.  
ci,1
m
  the concentration of solute in the membrane and (1) is for solvent. 
ci,1
x
 the concentration of component (i) in the solution or the solvent where (1) is 
for feed/membrane phase.   
ci,2
m
 the concentration of component (i) in the membrane where (2) is for 
membrane/permeate phase.  
ci
+
  the cation concentration in the concentrate solution.  
ci,o,(m)  the concentration of component (i) at the membrane-feed interface.  
ci,p   the concentration of component (i) in permeate.  
ci,p,(m)  the concentration of component (i) at the permeate-feed interface.  
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cim  the concentration of component (i) at the feed-membrane interface.  
cim/cib  the concentration polarisation module.  
cm  the concentration at the membrane interface. 
c
m
+  the concentration of positively charged ions in the membrane. 
c
m
-  the concentration of negatively charged ions in the membrane.  
c
m
X-  the concentration of membrane fixed charge.  
co
+
 the cation concentration in the dilute solution adjacent to the membrane 
surface.  
cp  the solute concentration in permeate (mol/l).  
cp,A  the concentration of component (A) in the permeate. 
cp,B  the concentration of component (B) in the permeate. 
cs  the solvent concentration.  
ct  the concentration at time t.  
cw  the solute concentration at the membrane/water (solvent) interface. 
c w  the solute mean logarithmic concentration.  
c0  the concentration when time equal zero.  
cʹi  the concentration of a hypothetical bulk phase in equilibrium with the 
interfacial concentrations inside the membrane at the boundary between two 
layers. 
c1˚  the concentration of a single substance, a gas or the only permeating 
component of a solution in the first reservoir. 
c2˚  the concentration of a single substance, a gas or the only permeating 
component of a solution in the second reservoir.  
c˚  the concentration of pure liquid in the reservoir. 
c1  the surface concentration. 
c  the mean logarithmic concentration.  
c+  the concentration of positively charged ions in the solution. 
c-  the concentration of negatively charged ions in the solution. 
Ci  the ion concentration in the solution (mol/m³).  
Ci  the concentration in the bulk concentration (mol/m³).  
Cp   the solute concentration in permeate. 
Cf    the solute concentration in the feed.  
CO  the feed concentration at time 0. 
Ct  the feed concentration at time t, and t is the time.  
Ci,p  the concentration of ion (i) in the permeate (mol/m³).  
Ci,f   the concentration of ion (i) in the feed (mol/m³). 
Cp  the uncharged solute bulk permeate concentration (mol/m³).  
Cf   the uncharged solute bulk feed concentration (mol/m³).  
c  the concentration difference between feed and permeate.  
∆cw  the solute concentration difference between the feed and permeate.  
D  the diffusion coefficient.   
dgas  the gas molecule diameter.  
Di  the diffusion coefficient of component (i).  
Di  the diffusion coefficient of ion (i). 
Di  the diffusion coefficient of species (i) at concentration (c). 
Di,p  the hindered diffusivity (m²/s). 
Di,∞  the bulk diffusivity (m
2
/s). 
Do the diffusion at zero concentration where it is small for small molecules and 
large for large molecules. 
Do,i the diffusion coefficient of species (i) when its concentration is equal to zero. 
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Dp  the uncharged solute pore diffusion coefficient (m²/s). 
Di,p  the pore diffusion coefficient of ion (i) (m²/s). 
Ds  the solvent diffusion coefficient.  
Ds  the solute diffusivity.  
DT  the thermodynamic diffusion coefficient.  
Dw  the solute diffusion coefficient. 
D
+
  the diffusion coefficient of the cation in solution. 
d the difference between the volume of the thermal expansion coefficient above 
the glass transition temperature and below it.  
dci/dx  
the concentration gradient of component (i). 
dp/dx  the pressure gradient in the porous medium. 
E  the electrical potential.  
E   the measured potential in the solution (V). 
Edon  the Donnan potential. 
E
m
  the measured potential in the membrane (V).  
E  the electrical potential difference.  
∆Ẽa  the Arrhenius activation energy.  
F  the Faraday number (96487 C/mol). 
f   the fractional coefficient.  
fr,i  the frictional resistance for component (i).  
F`  the friction force. 
Fʹwm  the viscous flow. 
fwm  the friction coefficient of the solute and the membrane. 
fws  the friction coefficient of the solute and the solvent.  
G11  the cluster integral.  
G  the hydrodynamic drag coefficient.  
∆Gmin  the minimum free enthalpy of mixing.  
h  the step-size.  
∆Hmin  the minimum enthalpy of mixing.  
Δ  ˚   the standard enthalpy.  
i   the electrical current density. 
I   the electrical current.  
J   the flux.  
J  the water flux (solvent). 
Jc   the flux after cleaning. 
ji   the flux of ion (i) based on the membrane area (mol/m².s).  
ji   the factor mole increase due to dissociation  for solute (i). 
ji   the ionic flux of ion (i) (mol/m².s). 
Ji   the mass flux of component (i). 
Jm,i  the mass flux for species (i). 
Jn,i   the trans-membrane molar flux of species (i). 
Jo   the original flux of the unfouled membrane.  
JO  the initial water flux.  
JOa  the clean water flux after feed filtration. 
JOb  the clean water flux before feed filtration.  
js   the uncharged solute flux (mol/m².s).  
Js  the solute flux.  
Js   the solvent flux. 
Js,m   the solvent volumetric flux in the membrane.  
Jv  the volumetric flux. 
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Jv  the volumetric flux in the boundary layer. 
Jv  the volumetric flux through the membrane. 
Jv   the volume flux based on the membrane area (m/s). 
Jw  the solute flux.  
k  the mass transfer coefficient.  
kbl  the fluid boundary layer mass transfer coefficient.  
kd  Henry’s coefficient.  
kf  the mass transfer resistance in the feed boundary layer.  
km  the membrane mass transfer coefficient.  
kov  the overall mass transfer coefficient.  
kp  the mass transfer coefficient in the permeate boundary layer.  
ks  the solute mass transfer coefficient. 
kW  the solvent mass transfer coefficient that depends on Reynolds number.  
kw  the solubility or distribution coefficient.  
k0  the overall mass transfer coefficient. 
(k1 and k-1) are rate constants.  
K  the Kozeny-Carman constant.  
K the semi-empirical constant that depends on the permeate flux and ion 
diffusivity.  
K  the hydrodynamic drag coefficient. 
K the partitioning coefficient between the membrane and the bulk solution.  
Keq  the equilibrium constant.  
K
G
i   the gas phase sorption coefficient. 
K
L
i   the sorption coefficient of component (i) in the liquid phase.  
K
L
i   the liquid-phase sorption coefficient.  
Ki,c  the hindrance factor for convection of ion (i) (dimensionless). 
Ki,d  the hindrance factor for diffusion.  
K`  the uptake of the solute by the membrane from the feed.  
Kʹ   the coefficient reflecting the membrane nature. 
l  the membrane thickness (m).  
Li   the proportionality or phenomenological coefficient of component (i).  
Lp  the permeability coefficient. 
Lp  the solvent permeability coefficient (m³/m².s.bar). 
L˚p  the standard permeability coefficient.  
Ls  the local solute permeability (Ls = L  s Δx). 
L  s  the solute permeability (m/s).  
L11 the hydrodynamic permeability or the solvent permeability coefficient, and is 
referred to as Lp.  
L22 the osmotic permeability or the solute permeability coefficient and is referred 
to as .  
mi  the molal concentration.  
mi   the molecular weight of component (i) (g/mol).  
M  the average molar mass of organic/polymer.  
M  the molar mass of the adsorbing compound (g/mol). 
Ṁ  the mass transfer.  
n  the number of permeate samples. 
n  the number of moles. 
ni  the composition of the gas material (i).  
ni   the molar fraction of component (i) (mol/mol). 
ni,o   the molar fraction of component (i) in the feed solution. 
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ni,o,(m)  the molar fraction of component (i) at the feed-membrane interface. 
np  the number of pores. 
nw  the number of moles for the solute.  
n`   an integer.  
N  the number of charged membranes pairs.  
p   the pressure. 
pi  the partial pressure of species (i).  
pii  the partial pressure of component (i) at the permeate side.  
pi,h  the partial pressure of component (i) at high pressure side.  
pi,l  the partial pressure of component (i) at the low pressure side.  
pi
o
   the reference pressure of component (i).  
pi
o
  the saturation pressure of component (i).  
pi,o  the partial pressure of component (i) at the feed side.  
pi,sat  the vapour saturation pressure.  
pi,sat  the saturation pressure of component (i).  
pi,v  the vapour pressure of component (i).  
pl   the pressure at the permeate side.  
po   the applied pressure at the feed side.  
P  the permeability.  
P  the pressure (bar). 
P  the permeability coefficient.  
P
+
  the cation permeability through the membrane. 
P  the whole membrane permeability.  
P
L
i   the permeability coefficient in the liquid phase.  
Pconst  the permeability constant that contains structural factors such as porosity and 
pore size.  
Pe  the Peclet number. 
P
G
i   the permeability coefficient. 
Pi  the permeability of substance (i).  
Pj  the permeability of substance (j).  
P°  the vapour pressure (bar).  
Pm  the permeability of membrane parts.  
p  the pressure difference. 
∆P  the trans-membrane pressure difference.  
ΔPe  the effective pressure driving force (N/m).  
Q  the volume flow rate. 
Qd   the dialysate volumetric flow rate. 
Qi  the volumetric flow rate of component (i). 
Qt    the volumetric flow rate of penetrate.  
r   the pore radius (m).  
r  the molecule radius. 
ri  stokes radius of component (i).  
rk  the Kelvin radius (m).  
rp  the effective pore radius (m). 
rp  the pore radius (m). 
R   the rejection of ion (i).   
R  the ideal gas constant (8.314 J/mol.K). 
R  the total membrane stack resistance. 
RA  the resistance due to adsorption.  
Ram  the resistance of the anion-exchange membrane. 
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Rbl  the boundary layer resistance.  
Rc  the cake formation resistance.  
Rcm  the resistance of cation-exchange membranes. 
Rcp  the resistance of cell pairs.  
Rcp  the concentration polarisation resistance. 
Rfc  the resistance of the feed compartment.  
RG  the gel layer resistance. 
Rint  the intrinsic retention.  
Rm  the hydrodynamic membrane resistance.  
Rm  the membrane resistance. 
RM  the clean membrane resistance.  
RO  the real retention. 
ROBS  the observed retention. 
Rp  the internal pore fouling resistance. 
Rpc  the resistance of the permeate compartment. 
S   the entropy. 
s   the solubility coefficient.  
Δ  ˚   the standard entropy.  
∆Smin  the minimum entropy of mixing. 
tm
+
   the membrane transport number for cations. 
t
+
   the cation transport number.  
t   the time.  
T  the temperature in Kelvin. 
Tg  the transition temperature. 
T   the absolute temperature (K). 
∆Tm  the temperature polarisation. 
uc  convective flow.  
v  the relative velocity.  
νD  the diffusion flow. 
νf (0,T) the free volume of the polymer at temperature (T) and in the absence of 
penetrate.  
νi  the partial specific volume of component (i).  
V  the molar volume.  
V  the solvent velocity (m/s).  
Vc  the concentrate volume. 
Vf   the free volume in the membrane.  
Vi  the molar volume of species (i). 
 i  the partial molar volume of species (i). 
Vi  the partial molar volume of ion (i) (m³/mol).  
Vs  the uncharged solute partial molar volume (m³/mol).  
Vmol  the molar volume (mol/m³). 
Vo  the membrane volume occupied by molecules at zero temperature.  
Vp  the permeate volume. 
Vs  the molar volume of solvent.  
Ṽs  the partial molar volume of the solvent.  
VT  the observed membrane volume at temperature (T). 
Ṽw  the partial molar volume of the solute. 
Vw  the solute molar volume.  
x   the distance from the membrane layer. 
x  the membrane thickness (m).  
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xi
  
the fraction of component (i) in the product.  
xi  the mole fraction of component (i). 
xi
’
  the fraction of component (i) in the feed.  
xw  the mole fraction of the solute (w).  
Δx  the membrane thickness (m). 
Xd   the effective membrane charge density (mol/m³).  
Xi  the force.  
y   the permeate recovery fraction.  
Y   a constant. 
zi   the valence of ion (i) (dimensionless). 
Abbreviations 
aq   refers for the aqueous phase. 
m   refers for the membrane phase.  
m  refers for the membrane. 
s   refers for the solvent. 
w  for solute.  
nstep   the number of steps. 
CWFR  the clean water flux recovery. 
FR   the flux reduction.  
FRCWF   the flux reduction with regards to clean water flux. 
FRPF   the flux reduction with regards to permeate flux.  
MFI   the modified fouling index (s/l²). 
MW   the molecule weight. 
WFR   the water flux recovery. 
Greek symbols 
   the liquid surface tension. 
 °i  the activity of ion (i) in the bulk solution. 
 i   the activity coefficient of ion (i) within the pore (dimensionless).  
` the exponential constant related to the plasticizing effect of the penetrate on 
the polymer.  
   the surface tension (N/m). 
    the plasticizing coefficient.  
   the steric partitioning term. 
ϕv,i  the volume fraction of the liquid inside the polymer. 
ϕv,j   the volume fraction of the polymer. 
   the uncharged solute steric partitioning coefficient (dimensionless)  
 [ϕ = (1-λ)2]. 
   the pressure ratio.  
 ∆Hv  the heat flux caused by convective transport through the pores.  
 ∆Hc  the heat flux caused by convective transport through the pores. 
  the ratio of ionic or solute radius/pore radius.  
  the stokes radius of component (i) to pore radius ratio.  
λg   the heat conductivity in the pores. 
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λp   the heat conductivity in the solid part. 
  the ratio of ionic or solute radius/pore radius.  
  the mean free path.  
λm   the overall heat conductivity of the membrane.  
   the diffusion permeability.  
   the solute permeability coefficient.  
 i   the separation factor. 
α1  the heat coefficients on the warm side of the membrane.  
α2  the heat coefficient on the cold side of the membrane. 
αij  the separation factor of component (i) and (j).  
   the solute activity 
 the reflection coefficient of the membrane toward the permeating solute.  
σd  the Staverman osmotic reflection coefficient for the solute. 
  the reflection coefficient (dimensionless). 
γi  the activity coefficient of ion (i) in the membrane.  
γ i  the activity of ion (i) in the bulk solution. 
γ i  the plasticizing constant for species (i).  
γSV   the surface tension of the solid with the liquid vapour. 
γLV   the surface tension of the liquid with the liquid vapour.  
γSL   the tension of solid-liquid interface. 
γLi,o  the activity coefficient of the feed solution in the liquid phase.  
γi,o,(m)  the activity coefficient at the feed-membrane interface. 
γi    the activity coefficient (mol/mol). 
θi  the tightness of the flows coupling of the solvent and the ions.  
   the contact angle. 
   the liquid solid contact angle. 
ηT   the water viscosity at temperature (T). 
η20℃   the water viscosity at temperature 20 ℃. 
   the viscosity. 
   the solvent viscosity within pores (N s/m²). 
  the dynamic solvent viscosity. 
   the interaction parameter. 
χij  the Flory-Huggins interaction parameter.  
   the tortuosity.  
ρ    the molar density, (mol/cm³).  
υi   the molar volume of component (i).  
   the amount of solute absorbed per surface area (ng/cm²).  
   the adsorbed quantity of organic material (g/m²). 
Γij   the selectivity coefficient.  
   the boundary layer thickness.  
   the membrane thickness.  
   the porosity. 
   the surface porosity.  
   the pore volume fraction. 
Ψc  the fraction of crystalline material present. 
Ψi
m
  the ion (i) electrochemical potential in the membrane (J/mol). 
Ψi   the ion (i) electrochemical potential in the solution (J/mol). 
ΨD  the potential difference (V). 
   the potential within the pore (V).  
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Ψm  the potential in the membrane (V).  
   the electrical potential (V).  
∆ΨD  the Donnan potential (V). 
μi
m,o
 the ion (i) standard reference state of the chemical potential in the membrane 
(J/mol).  
μ˚i the ion (i) standard reference state of the chemical potential in the solution 
(J/mol). 
   the uncharged solute chemical potential (J/mol). 
μi  the chemical potential of component (i).  
 i˚  the standard chemical potential and its constant. 
μi,o   the chemical potential in the feed solution.  
μi,o,(m) the chemical potential in the membrane at the membrane-feed side interface.  
 i  the electrochemical potential of ion (i) (J/mol).  
μi
o
   the chemical potential of pure component (i) at reference pressure.  
Δμs  the solvent chemical potential difference. 
Δμw  solute chemical potential difference.  
 (T) constant characterising the extent to which the penetrate contributes to the free 
volume. 
φpolymer,1, φpolymer,2, φpolymer,3  the volume fractions of membrane polymer 
components.  
φi  component (i) volume fraction.  
 p  the volume fraction of penetrate. 
 1  the volume fraction of non-solvent. 
   the osmotic pressure (N/m²).  
∆πINORG the osmotic pressure of an inorganic solute. 
∆πORG  the osmotic pressure of an organic solute. 
  the osmotic pressure difference across the membrane. 
Δ i the difference between the osmotic pressures in the external solutions at the 
membrane for species (i).  
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Abstract 
The demand on clean water is increasing, for example because of the increase in the 
pollutants that are being released to the environment or the lack of natural clean water 
resources as in the arid areas which is the case in Jordan, which is considered as one of the 
most scarce water countries in the World. In Jordan, the natural water resources are limited 
and the country's population is continuing to rise thus increasing the demand on water and the 
production of wastewater. As a result, a gap between the water supply and the demand on 
water is increasing because of a high population growth rate and a fast social-economical 
development. The water problem in Jordan was deepening by the fact that Jordan shares most 
of its surface water resources with neighbouring countries that control these resources; this 
partially disallowed Jordan of its fair share of fresh natural water. To overcome the water 
shortage, water was overdrawn form the highland aquifers, resulting in degradation in water 
quality. Thus desalinating brackish water using nanofiltration membrane might be a 
technically and economically practical process to overcome the water scarcity in Jordan. The 
purpose of this work is to investigate the rejection behaviour of ions from brackish water 
using nanofiltration membrane.   
In this work, both experimental and theoretical work was done in order to try to understand 
nanofiltration membrane separation behaviour. In the experimental work, two tubular ceramic 
nanofiltration membranes were used. The used ceramic nanofiltration membranes were made 
of TiO2, with 7.00 mm I.D, 10 mm O.D and length of 190 mm, with 0.9 and 1.0 nm mean 
pore diameter. The zeta-potential for both membranes was measured at a pH range between 
3-10, then the iso-electric point (ISP) was found. The ISP was used in determining the 
membrane charge, were the membrane charge is a major parameter in justifying the ions 
rejection behaviour. The membrane zeta potential was measured by preparing NaCl at two 
different concentrations, which were 0.01M and 0.1M. Then the pH of each solution was 
changed to different values ranging between 3 and 10. For 0.01M concentration solution, the 
ISP was around 4.6. While for 0.1M concentration solution, the ISP was around 5.0. In 
addition, it was found that the membrane zeta potential was affected by the salt type. This 
was investigated by preparing four different salts solutions at three different concentrations 
(0.01M, 0.1M and 1.0M). The used salts were NaCl, MgCl2, NaNO3 and Na2SO4. The 
membrane active layer was measured by using SEM-EDXS equipment, and it was found to 
be around 20.0 m. The membrane active layer was used in the mathematical modelling. 
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The separation behaviour for 0.9 and 1.0 nm nanofiltration membranes was studied by 
measuring the rejection of different salts in a single salt solution and tertiary salts solution. 
The same parameters values such as the feed volumetric flux, the concentration and TMP 
were used for both membranes. They were used to desalinate water samples containing NaCl, 
NaNO3, Na2SO4, MgCl2, MgSO4 and CaCl2. The salts were divided into two groups, the first 
group consisted of NaCl, NaNO3, and Na2SO4, and the second group consisted of MgCl2, 
CaCl2 and NaCl. Two different concentration values (0.01M and 0.1M) were used to try to 
understand the effect of concentration on ions rejection. To study the separation behaviour of 
the membrane, distilled water was used at first, and then single or tertiary salt solutions. The 
results of distilled and brackish water were compared to describe the separation behaviour. It 
was noticed that the permeation of distilled water was higher than the permeation of brackish 
water - for the different solutions that were used.  
In the case of 0.9 nm membrane with 0.1M feed concentration, for NaNO3 solution it was 
found that the rejection of NO3
1-
 ions was higher than the rejection of Na
1+
. The highest 
rejection for both ions was at the lowest TMP, where the rejection of NO3
1-
 was about 63% 
and the rejection of Na
1+
 was about 53%. For Na2SO4 solution, the rejection of SO4
2-
 ions 
was higher than the rejection of Na
1+
 ions. The highest rejection of SO4
2-
 was about 31% and 
the highest rejection of Na
1+
 was about 8%. For NaCl solution, rejection of Cl
1-
 ions was 
higher than the rejection of Na
1+
 ions. The highest rejection of Cl
1-
 was about 22% and the 
highest rejection of Na
1+
 was about 8%. For mixed salt solution, the rejection of ions took the 
following trend: R of SO4
2-
 > R of NO3
1-
 > R of Cl
1-
 > R of Na
1+
. The highest rejection of 
SO4
2-
 was 62%, NO3
1-
 was 51%, Cl
1-
 was 42%, and Na
1+
 was 37%. In the second group, for 
MgCl2 solution, the rejection of Cl
1-
 ions was higher than the rejection of Mg
2+
 ions. The 
highest rejection for both ions was at the lowest TMP, where the rejection of Cl
1-
 was about 
38.4% and the rejection of Mg
2+
 was about 39%. For CaCl2 solution, the rejection of Ca
2+
 
ions was higher than the rejection of Cl
1-
 ions and the highest rejection for Ca
2+
 was about 
52% and for Cl
1-
 was about 48%. For a solution containing MgCl2, CaCl2 and NaCl the 
rejection of ions took the following trend: R of Cl
1-
 > R of Ca
2+
 > R of Mg
2+
 > R of Na
1+
. The 
highest rejection of Ca
2+
 was about 57.6%, Mg
2+
 was about 58.3%, Na
1+
 rejection was about 
53.9% and Cl
1-
 rejection was about 51%. 
In the case of 1.0 nm membrane with 0.1M concentration, the rejection of NO3
1-
 ions from 
NaNO3 solution was higher Na
1+
 ions rejection. NO3
1-
 highest rejection was about 36.0% and 
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Na
1+
 was about 30.2%. The rejection of SO4
2-
 ions from Na2SO4 solution was higher than 
Na
1+
 ions rejection. SO4
2-
 highest rejection was about 33.6% and Na
1+
 was about 20.0%. Cl
1-
 
rejection from NaCl solution ions was lower than Na
1+
 rejection. The highest rejection of Cl
1-
 
was about 34.7% and Na
1+
 was about 37.3%. For a solution containing Na2SO4, NaNO3 and 
NaCl the rejection of ions took the following trend: R of Na
1+
 > R of NO3
1-
 > R of Cl
1-
 > R of 
SO4
2-
. The highest SO4
2-
 rejection was about 53.3%, the highest NO3
1-
 rejection was about 
46.9%, the highest Cl
1-
 rejection was about 43.2% and highest Na
1+
 rejection was about 
45.6%, and the highest rejection for all anions was at the lowest TMP. In the second group, 
the rejection of Cl
1-
 from MgCl2 was higher than the rejection of Mg
2+
, where the highest 
rejection of Cl
1-
 was about 48.8% and Mg
2+
 was about 38.6%. The rejection of Ca
2+
 from 
CaCl2 was lower than the rejection of Cl
1-
. The highest rejection of Ca
2+
 was about 37.4% 
and Cl
1-
 was about 40.0%. For a solution containing MgCl2, CaCl2 and NaCl, the rejection of 
ions took the following trend: R of Cl
1-
 > R of Ca
2+
 > R of Mg
2+
 > R of Na
1+
. The highest 
rejection of Ca
2+
 was 43.1%, Mg
2+
 was 42.1%, Na
1+
 was 33.0% and Cl
1-
 was 44.6%.  
For 0.01M concentration, MgCl2 and NaNO3 salts were used for both 0.9 and 1.0 nm 
membranes. In the case of 0.9 nm, the rejection of NO3
1-
 ions from NaNO3 solution was 
lower than the rejection of Na
1+
 ions. The highest rejection for both ions was at the lowest 
TMP, where the rejection of NO3
1-
 was 46% and the rejection of Na
1+
 was 42%. The rejection 
of Mg
2+
 from MgCl2 solution was higher than the rejection of Cl
1-
, where the rejection of Cl
1-
 
was 13% and the rejection of Mg
2+
 was 36%. The rejection of ions from MgCl2 and NaNO3 
solution took the following trend: R of Mg
2+
 > R of NO3
1-
 > R of Cl
1-
 > R of Na
1+
. The 
highest rejection for all ions was at the lowest TMP, where the rejection of Cl
1-
 was 45.3%, 
NO3
1-
 was 55.4%, Na
1+
 was 47.4% and Mg
2+ 
about 55.5%. In the case of 1.0 nm, the rejection 
of NO3
1-
 from NaNO3 was higher than the rejection of Na
1+
. The highest rejection for both 
ions was at the lowest TMP, where the rejection of NO3
1-
 was 15.3% and Na
1+
 was 11.6%. 
The rejection of Cl
1-
 ions from MgCl2 was higher than the rejection of Mg
2+
 ions, where the 
rejection of Cl
1-
 was about 14.4% and the rejection of Mg
2+
 11%. The rejection of ions from 
MgCl2 and NaNO3 solution took the following trend: R of Mg
2+
 > R of NO3
1-
 > R of Cl
1-
 > R 
of Na
1+
, where the rejection of Mg
2+
 was 20.0%, NO3
1-
 was 19.8%, Cl
1-
 was 16.4% and Na
1+
 
was 4.8%. 
Another parameter that was considered is the pH of the feed solution, to try to understand the 
pH effect on the rejection. For 1.0 nm membrane pore, a single and a mixed salts solution 
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were used and their pH was controlled to values of 3, 7 and 10. At pH3, the rejection of Cl
1-
 
ions from NaCl solution was lower than the rejection of Na
1+
 ions, where the rejection of Cl
1-
 
was about 24.9% and the rejection of Na
1+
 25.4%. The rejection of SO4
2-
 from Na2SO4 
solution was lower than the rejection of Na
1+
, where the rejection of SO4
2-
 was 39.6% and the 
rejection of Na
1+
 was 46.5%. The rejection of SO4
2-
 ions from mixed salt solution was higher 
than the rejection of Cl
1-
 ions, where the rejection of SO4
2-
 was 50.0%, the rejection of Cl
1-
 
was 39.0% and the rejection of Na
1+
 was 49.9%. For pH7, the rejection of Cl
1-
 ions from 
NaCl solution was lower than the rejection of Na
1+
 ions, where the rejecting of Cl
1-
 was about 
38.8% and the rejection of Na
1+
 42.3%. The rejection of SO4
2-
 ions from Na2SO4 solution was 
higher than the rejection of Na
1+
 ions, where the rejection of SO4
2-
 was 55.2% and the 
rejection of Na
1+
 was 48.0%. The ions rejection from mixed salt solution took the following 
trend: Na
1+
 > SO4
2-
 > Cl
1-
, where the rejection of SO4
2-
 was 28.4%, the rejection of Cl
1-
 was 
24.1% and the rejection of Na
1+
 was 32.0%. For pH10, the rejection of Cl
1-
 from NaCl was 
higher than the rejection of Na
1+
, where the rejection of Cl
1-
 was 27.5% and the rejection of 
Na
1+
 was 25.5%. The rejection of SO4
2-
 from Na2SO4 was higher than the rejection of Na
1+
, 
where the rejection of SO4
2-
 was 54.6% and the rejection of Na
1+
 was 48.8%. The ions 
rejection from mixed salt solution took the following trend: Na
1+
 > SO4
2-
 > Cl
1-
, where the 
rejection of SO4
2-
 was 34.1%, the rejection of Cl
1-
 was 28.8% and the rejection of Na
1+
 was 
38.5%. The rejection of Na
1+
 and Cl
1-
 from NaCl at pH 3 was lower than the rejection from 
pH 7 and 10 solutions, but the best rejection was from pH 7 solution. The rejection of Na
1+
 
and SO4
2-
 from Na2SO4 at pH 3 was lower than the rejection from pH 7 and 10 solutions. The 
rejection of Na
1+
, Cl
1-
 and SO4
2-
 from mixed salt solution at pH 3 was higher than their 
rejection from pH 7 and 10 solutions.  
Flux-step method was used to measure the rejection of ions at the lowest TMP values for 
different feed volumetric fluxes. For MgSO4 solution, the rejection of SO4
2-
 was higher than 
the rejection of Mg
2+
. The highest rejection for both ions was at the lowest TMP, where the 
rejection of SO4
2-
 was about 72.4% and the rejection of Mg
2+
 was about 72.1%. For MgCl2 
solution, the rejection of Cl
1-
 was slightly higher than the rejection of Mg
2+
. The highest 
rejection for both ions was at the lowest TMP, where the rejection of Cl
1-
 was about 76.0% 
and the rejection of Mg
2+
 76.3%. For mixed salts solution, the rejection of ions took the 
following trend -except at the lowest TMP-: R of SO4
2-
 > R of Cl
1-
 > R of Mg
2+
. The highest 
rejection for all the ions was at the lowest TMP, where the rejection of Cl
1-
 was about 50.8%, 
the rejection of SO4
2-
 was about 57.4%, and the rejection of Mg
2+
 was about 52.3%. 
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In the theoretical work, Nernst-Planck equation was used to try to understand the separation 
behaviour of nanofiltration membrane. Nernst-Planck equation was solved by using two 
mathematical methods, which are Euler and Runge-Kutta methods, and the solution was 
obtained by using FORTRAN program. The two programs were run for different feed 
concentration and permeate flux (volume flux based on the membrane area). The model was 
solved for NaCl solution at two different feed concentrations, which were 0.01 and 0.1 
mol/m
3
. The membrane active layer thickness was assumed equal to 20.0E-6 m, which was 
obtained from the experiments. For each concentration value, the model was solved for 
different volume flux values that ranged between 1.0E-7 to 9.0E-6 m
3
/m
2
/s. These readings 
were similar to the values used in the exponential part. The change in these parameters values 
was done to observe their effect on the membrane rejection and if the results obtained from 
the theory agrees with the results obtained from the experiments. The rejection of Cl
1-
 was 
higher than the rejection of Na
1+
. The rejection of Na
+1
 and Cl
-1
 ions increased as the 
volumetric flux based on membrane area (Jv) increased. Also the concentration of Na
+1
 and 
Cl
-1
 ions inside the membrane active layer decreased as the volumetric flux based on 
membrane area (Jv) increased. In addition, the rejection of Na
+1
 and Cl
-1
 ions decreased as the 
feed concentration increased. 
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Chapter 1 Introduction  
The demand on clean water is increasing, for example because of the increase in the 
pollutants that are being released to the environment or the lack of natural clean water 
resources as in the arid areas which is the case in Jordan, which is considered as one of the 
most scarce water countries in the World. Jordan has suffered shortage in water resources 
since the early 1960s and classified as water scarce. Available water resources in Jordan are 
limited due to the arid and semi-arid climate. In addition, the economic development and the 
population growth are increasing the demand on the available water resources, which affect 
the quantity and the quality of water resources. Furthermore, the water shortage problem 
faced more complications due to severe drought periods. The major sources of water in 
Jordan are  
 Seawater at the Gulf of Aqaba.  
 Brackish water in the South of Ghore. 
 Saline water springs. 
On the other hand, it is difficult to exploit such resources because of the country’s 
topography, the distance between these scattered resources, the need for special treatment to 
remove some sorts of chemicals such as manganese. At present, the economy of Jordan 
cannot support the full implementation of seawater desalination as fresh water source. Thus, a 
good and cheap method of desalinating brackish water is needed. 
Even though efficient conventional desalinating processes are available and commonly used 
in desalinating brackish water, but by the rise in fuel prices and considering that most of the 
arid areas or the one which needs clean water resources have limited energy sources, and new 
types of pollutants are being released to the environment such as heavy metals that 
conventional desalinating processes do little to remove them, thus alternative processes 
should be considered for desalinating brackish water such as membrane processes. 
Nonetheless, conventional processes seem more dependable because the membrane process 
operating costs are relatively high, compared to the conventional processes, also the low 
water quality produced by the membranes compared to the conventional processes. However, 
these obstacles are being overcome by research. 
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Membrane is a permeable selective barrier that restricts the motion of particles through it, and 
they differ in their applications and structures; they operate in different ways and their main 
objective is to separate one component from a mixture by allowing the component to 
permeate though it, thus preventing the other components from passing through the 
membrane or vice versa. It has the ability to transport one component more readily than other 
components because of the differences in physical and/or chemical properties between the 
membrane and the permeating component. The membrane performance is controlled by two 
factors: the membrane selectivity of the solute in the solution, and the flux of the solvent 
through the membrane. To gain the best separation results, the membrane must be thermally 
stable, have high selectivity toward the solutes, have high permeability and high chemical 
resistance. Membrane can be homogenous or heterogeneous, symmetric or asymmetric in 
structure, and may be either neutral or carry positive charge, negative charge or both charges. 
The separation process can be achieved because of the difference in size, physical and 
chemical structures between the different components in the solution. Membrane separation 
process occurs at ambient temperature; as a result, if the solution is insensitive toward 
temperature, it can be treated without the constituents of being damaged or chemically 
altered. Membrane separation process is faster, more efficient and more economical than 
conventional separation techniques. The advantages of membrane separation process are as 
follows 
1. Separation occurs continuously. 
2. Energy consumption is low. 
3. Membrane process can be combined with other separation processes. 
4. Separation can be carried under mild conditions. 
5. Separation process can be up-scaled easily. 
6. Membranes have different properties and can be adjusted. 
7. No additives are required. 
On the other hand, it has the following disadvantages 
1. Membrane fouling and concentration polarisation. 
2. Membrane lifetime is short due to fouling and concentration polarisation. 
3. Low selectivity.   
The membrane has the property of being selective towards molecules, where the molecules 
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either can permeate through the membrane or be rejected by the membrane. The membrane 
selectivity is determined by the flux through the membrane and the membrane itself. 
Membrane separation technology involves different kinds of processes, which can be divided 
into the following 
1. First generations of membrane processes, which include microfiltration, ultrafiltration, 
hyper-filtration, nanofiltration, reverse osmosis, electro dialysis and dialysis. 
2. The second generation of membrane processes, which include gas separation, 
pervaporation, membrane distillation and separation by liquid membranes. 
An example of a membrane process that would be a good choice to be considered is 
nanofiltration membrane process, where it can be used in treating water such as removing 
organic and inorganic compounds, removing hardness, removing viruses and bacteria, 
removing pesticides and removing taste and odours. Thus, with the ability to do what have 
been mentioned, gives nanofiltration membrane more favour over conventional desalinating 
processes because they cannot perform such job in one stage and need additional processes to 
complete the needed task. In the case of treating brackish water, nanofiltration has the 
advantages of being selective towards ions types, operates at low applied pressure values and 
has a high permeate flux. Brackish water is more saline than fresh water but not as saline as 
seawater, where its salinity ranges between 0.5-30 ppt of salts – salinity is the dissolved salt 
content of a body of water. Where nanofiltration can remove undesirable materials in one-
step, on the other hand conventional processes might need several steps to do so, as a result 
nanofiltration can be considered more efficient and cheaper. Another competitive process to 
nanofiltration is reverse osmosis because it has higher rejection rates than nanofiltration. 
Nonetheless, reverse osmosis requires higher applied pressure than nanofiltration which 
would result in higher operating costs. In addition, sometimes some minerals have to be 
added to the treated water by reverse osmosis, which increases the operating cost. On the 
other hand nanofiltration has lower rejection than reverse osmosis, were some compounds 
permeates through it and the resulting product would be as desired. Thus to make 
nanofiltration process more usable and efficient then more research is needed to be done in 
order to try to understand it’s separation behaviour, so that it could be optimised and made 
more efficient to be used in real life. 
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Figure 1-1. Salinity of water. 
Membrane process is a new approach that is being considered in treating brackish water such 
as nanofiltration membrane, because of its capability of being able to reject ions and its 
selectivity towards ions. Hence, this work would be more concerned with the first generation 
of membranes especially the nanofiltration membrane process. These different types of 
membranes would be discussed in more details in the following chapters, such as membrane 
classifications, membrane characterisation, the different membrane processes, the driving 
forces through the membranes that would cause the rejection of solutes from solutions and 
membrane fouling. 
Nanofiltration membrane is a pressure-driven membrane with properties that lie between 
ultrafiltration and reverse osmosis. Nanofiltration membrane is used in different applications 
such as softening water, removing hardness, natural organic matter, heavy metals, viruses and 
bacteria, and concentrating organic dyes. Since there are several uses for nanofiltration 
membrane, there is a need to try to understand its separation behaviour and how to improve 
its separating mechanism, especially in desalinating brackish water.  
1.1 Thesis objective 
Since the demand on clean water is increasing then new methods in treating water should be 
considered such as membrane processes. Nanofiltration process would be a good approach 
because it has a selective rejection between ions, operates at low pressures and has a high 
flux. Since nanofiltration is widely used but less knowledge about its separation behaviour is 
available, as a result lots of work needs to be done in order to try to understand its separation 
behaviour in-order to increase its separation efficiency. The aim of this work is to try to 
understand the ions separation behaviour for nanofiltration membrane. In-order to do so 
theoretical and experimental work was done for different ions that would exist in brackish 
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water. The main objectives of this work were 
1. Try to understand the theory behind nanofiltration process, in-order to obtain the right 
knowledge required to operate the process theoretically and experimentally. (refs. 7, 66, 
170, 219, 257). 
2. Try to solve the extended Nernst-Planck equation by using two different mathematical 
modules. (refs. 7, 13, 97, 290, 325, 326, 327, 339, 344, 348). 
3. Run experimental work for two tubular ceramic nanofiltration membrane that are 
prepared from the same materials but with a different in the pore diameters. Ceramic 
membranes were chosen because less work have been done using them and in general 
ceramic membranes have longer life than other types and can be restored to their original 
conditions by using simple cleaning methods. Different pore diameters were considered 
in-order to get an idea about how much impact would such property have on the 
rejection. (refs. 1, 145). 
4. Different salts would be used as in single salt and mixed salts solutions for two different 
concentrations. Where two ions and four ions solutions would be used to try to 
understand the effect of ions type and valences on the rejection. Most of the available 
work includes binary or ternary ions; as a result, four different ions were used to try to 
understand the effect of ions type on their rejection. (refs. 5, 6, 17, 30, 51, 72, 97, 139, 
212, 351). 
5. Taking into consideration the effect of the solution pH on the rejection of nanofiltration 
for a single salt and a mixed salts solutions. This would be done to try to understand the 
effect of pH on the ions rejection along with the existence of different ion types at 
different concentrations. (refs. 321, 351). 
6. Measuring the zeta potential for a powdered membrane, where the membrane powder 
would be diluted in different salt solutions at different concentrations and pH values. 
Such procedure would be followed in-order to understand the effect and try to establish a 
relation between the ion type, the ion concentration and the pH on the zeta potential. 
Similar approach was followed by Tim Van Gestel et.al (ref. 312) but in this work, the 
zeta potential would be measured by using a different device, using a different salt types 
and ions concentration. (refs. 38, 47, 126, 150, 210, 328). 
7. Another parameter that would be considered is the TMP because it should have an effect 
on the ions rejection. Even though TMP had been considered before by many researchers 
(27, 44, 47, 130, 131), but the aim of this work to use low TMP values – not more than 2 
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bars – which have not been approached before. Such approach would be considered is to 
try to link TMP with other parameters such as Donnan effect. 
8. Another parameter that would be considered is the feed volumetric flux, where the TMP 
is at its minimum value for each different feed volumetric flux. This was done to try to 
find the best conditions for the highest nanofiltration rejection. 
1.2 Achievements 
Nanofiltration membrane process is a new approach that could be used in desalinating 
brackish water, and there are several parameters that would affect nanofiltration rejection. 
The extended Nernst-Planck equation was solved numerically by using the same initial 
parameters that were used in the experimental part such as the initial ions feed concentration, 
the membrane thickness, the membrane surface area and the permeate flux (volume flux 
based on the membrane area). This was done to be able to compare the theoretical with the 
experimental rejection results, and to be able to have a theoretical understanding about the 
behaviour of the ions concentration inside the membrane for such parameters. From the 
theoretical modelling, it was noticed that solving the extended Nernst-Planck equation by 
using a more accurate mathematical model would give results that would agree with the 
experimental results except for the ions rejection values. For example the rejection of the ions 
from the higher initial feed concentration should be less than the rejection of the ions from 
the lower initial feed concentration, and this was observed from the experimental results and 
from solving the numerical equations using Runge-Kutta mathematical model, but an 
opposite results were obtained by using Euler mathematical model. The theoretical modelling 
was only done for sodium chloride (NaCl) because there were some parameters that it were 
hard to obtain them from the literature, and they need a set of experiments to be done in-order 
to obtain their values such as the hindrance factor for convection inside the membrane, the 
hindered diffusivity and the Donnan potential. Such limitations made it hard to run the 
programme for the four ions solution that was used in the experiments.  
From the pH-controlled experiments, it was found that the ions rejection had better rejections 
than that obtained from the non-controlled pH experiments. On the other hand, the rejection 
behaviour differed, where the rejection of ions changed as the membrane charge sign at pH 3 
changed, and these results were supported by the obtained zeta potential results. Also at pH 
10, the rejection of ions was lower than the rejection from the solutions at pH 3 and 7, which 
might be due to the increase in the membrane charge, which would have caused 
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concentration polarisation.    
The membrane charge behaviour was obtained from the zeta potential measurements, which 
supported the rejection results obtained from the controlled and the non-controlled pH 
experiments. The used approach in measuring the zeta potential would be simpler and 
somehow gives more accurate results than measuring the zeta potential from the streaming 
potential (150), because the streaming potential measurements should be instantaneous and 
this would include human error, which would decrease the readings accuracy. 
By comparing the rejection of ions from binary and four ions solutions, the rejection 
behaviour differed for some ions. This might be due to the higher ions valencies 
concentration, ions chemical speciation and ions interactions. Nonetheless higher rejections 
were obtained from mixed salts solutions, this would be more encouraging to use 
nanofiltration in desalinating brackish water because natural water contains different types of 
salts. Also since the best rejection values were obtained at the minimum TMP value, this 
means less operating costs, which could be considered as an advantage.        
1.3 Chapters guideline 
Chapter 0 Objectives and Summary. This chapter gives a brief justification and a general 
summary about this work and the used approaches in it. 
Chapter 1 Introduction. This chapter gives a brief idea about the membrane processes 
such as their advantages and disadvantages, the driving forces that cause permeation through 
the membrane and the membrane efficiency.  
Chapter 2 Classification of membranes. This chapter gives a general idea about the 
membrane categories. Where the membranes are categorised according to the material they 
are made of into two main groups, which are biological and synthetic membranes. Another 
approach in classifying the membranes is according to their structure and separating 
principles, where they are divided into three sub-groups, which are porous, non-porous and 
liquid membranes. In addition, this chapter gives a general idea about the membrane 
preparation techniques.      
Chapter 3 Membrane characterisation. This chapter discusses the used characterisation 
techniques that are used in characterising the porous and the non-porous membranes. Where 
membrane characterisation can relate the membrane structure to the membrane separating 
properties.  
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Chapter 4 Types of membranes. In this chapter, the membranes are separated according 
to their driving forces into four major groups, and these driving forces are the pressure 
difference, the concentration difference, the temperature difference and the electrical 
potential difference. 
Chapter 5 Separation models. This chapter is concerned with the theory related to the 
driving forces needed to cause separation between the molecules. In addition, it relates 
irreversible thermodynamics to the driving forces that causes separation in the membranes. 
Chapter 6 Membrane fouling. This chapter is about the major obstacles that limit the use 
of membranes, which are fouling, concentration polarisation and temperature polarisation. To 
increase the membrane efficiency, then more knowledge about these barriers is needed to try 
to decrease their appearance in the membrane processes.    
Chapter 7 Nanofiltration membrane. This chapter is related to nanofiltration membrane, 
which was the used membrane in this work. This chapter goes in details about nanofiltration 
membrane as in the theory that describes the permeation of charged and uncharged molecules 
through nanofiltration membrane, factors affecting the retention of molecules through 
nanofiltration membrane such as the acid-base transformation, and nanofiltration membrane 
fouling.        
Chapter 8 Experiments. This chapter describes and discuses the experimental work that 
have been done. Where the theory, the used methods, the used experimental procedures and 
the experimental results have been discussed in details.      
Chapter 9 Modelling. This chapter is concerned with the theoretical modelling that has 
been done. Where Euler and Runge-Kutta numerical methods were used to solve the 
extended Nernst Planck equation, where it describes the permeation mechanisms of ions 
through nanofiltration membrane. Where the equations were solved by using Fortran (F77) 
and the initial conditions used to solve the equations were obtained from the experiments. 
Chapter 10 Discussion and conclusion. This chapter includes the discussion of the 
obtained results from the experimental work, and a comparison between the obtained 
theoretical and experimental results that have been done. 
1.4 Summary 
Nanofiltration membrane is becoming a noteworthy process that would be used in treating 
water as the demand on clean water is increasing and the sources of water with acceptable 
qualities in the nature are decreasing. Nanofiltration membrane has a selective ability towards 
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the ions, needs a low TMP to cause ions rejection and low operating costs, which give 
nanofiltration membrane a good advantages over other membrane processes and conventional 
desalination processes. Nanofiltration membrane can be used in treating water because it has 
the ability to remove different types of organic and inorganic materials. Even though the 
rejection of nanofiltration membrane for some ions such as Na
1+
 and Cl
1-
 is considered low, 
but since nanofiltration membrane is an adaptable process then the ions rejection can be 
enhanced by changing the operating conditions. In this work different parameters and 
conditions such as the ions species, the ions concentration, the TMP and the solution pH, 
were considered in order to try to understand their effect on nanofiltration membrane 
rejection and how does the membrane behave under such conditions.  
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Chapter 2 Classification of membranes                 
The type of membrane used in a separation process is an important and critical factor. From 
the membrane classification more information about the membrane and better understanding 
can be obtained. Where membranes can be classified into two main groups: biological and 
synthetic membranes. Synthetic membranes can be classified into organic (polymeric) and 
inorganic membranes. In this work, the used membranes were two different types of synthetic 
membranes, which were ceramic and polymeric membranes. Another way to classify 
membranes is to separate the membranes according to their structure and separation 
principles into porous membranes, nonporous membranes and liquid membranes. 
 
Figure 2-1. Classification of membranes. 
2.1 Biological membranes 
The biological membranes have very complex structures, while various biological 
membranes contain a basic lipid bi-layer structure, and each molecule has hydrophobic and 
hydrophilic parts. The hydrophilic sides are situated toward the solution/membrane interface 
while the hydrophobic exists between the hydrophilic parts. The biological membranes 
consist of two main components, which are the lipid bi-layer (the backbone) and the proteins 
(responsible for the transport function). Two types of transport occur in biological 
membranes: the passive and active transport. In the active transport, the solute permeates 
through the membrane against its concentration gradient and is coupled to a chemical 
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reaction. In the passive transport, the permeation of solute is a result of the concentration 
gradient across the membrane without the need of chemical energy. There are three different 
types of passive transport mechanisms: 
1. Facilitated diffusion. A carrier (protein) allows the solute to diffuse through the 
membrane. The transport of the solute is a result of the concentration gradient, where the 
solute permeates from the higher concentration side to the lower concentration side. The 
solute can be transported against its concentration gradient (i.e., from low concentration 
to high concentration) by using a cellular energy. 
2. Co-transport. If the solution contains two components A and B, which exists on the same 
side of the membrane, and the driving force, is the concentration gradient of component 
A, the two components transport with each other and component B transport against it, 
which is the concentration gradient.   
3. Counter-transport. If two components A and B exist on the opposite sides of the 
membrane, and the driving force is the concentration gradient of component A, the two 
components transport in the opposite direction and component B may transport against it, 
which is the concentration gradient.   
2.2 Synthetic membranes 
Synthetic membranes are divided into two groups: organic and inorganic membranes. The 
most important type of membrane materials are organic materials, i.e., polymers. 
2.2.1 Organic (polymer) membranes 
Polymer membranes are divided into two types, which are open porous and dense non-porous 
membranes. The reason for this classification is the different requirements of the separation 
when polymer organics are used.  
2.2.1.1 Porous membranes 
This type of membrane is used in microfiltration and ultrafiltration membrane processes. For 
porous membranes, the relation between the pore size and pore size distribution, and the 
solute molecular size determines the separation process selectivity. The membrane material is 
an important factor for manufacturing the membrane, and for the chemical and thermal 
stability of the membrane. The main problem for porous membrane is the flux decline 
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because of concentration polarisation and fouling. As a result, the choice of the membrane 
material is very important to prevent fouling and can be cleaned after fouling. In addition, the 
membrane adsorption of solute must be low because the increase in adsorption increases the 
resistance of the membrane, which contributes to the flux decline. 
2.2.1.2 Nonporous membranes 
Nonporous membranes are used in gas separation and pervaporation. The material used in 
manufacturing nonporous membranes determines the membrane selectivity and the 
performance of the membrane. The nonporous membranes are used in liquid and gas 
separation. 
2.2.2 Inorganic membranes 
The inorganic membranes are made of four different types of materials: ceramic membranes, 
glass membranes, zeolitic membranes and metallic membranes. Inorganic materials have 
better chemical and thermal stability compared to organic (polymer) materials; on the other 
hand, they have weak mechanical stability. For example, polymer membranes can be used in 
processes with temperatures ranging from 100–300 ℃, while ceramic membranes can be 
applied in processes with temperatures up to 800 °C. The chemical stability for inorganic 
membranes is high because 
1. They can be applied to any pH and in any organic solvents. 
2. In the case of fouling, all kinds of cleaning agents from strong acids to alkaline treatment 
can be used to clean the inorganic membranes. 
3. The lifetime of inorganic membranes is longer than that of organic membranes. 
4. The inorganic membranes are very brittle, despite the high tensile modulus.    
2.2.3 Synthetic membranes can be classified by another way into the following basic   
groups 
2.2.3.1 Micro-porous media 
It consists of a solid matrix with defined pores, which have a diameter ranging between 5nm 
and 50m, (refs. 230). Separation is a result of the sieving action, where the separation 
parameters are the pore diameter and the particle size. The membranes are made of different 
materials such as ceramics, graphite, metal or metal-oxide and polymers. The different types 
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of micro-porous media are as follows 
1. Sintered membrane. It has a low porosity in the range of 10 to 40%, irregular pore 
structure and a wide pore size distribution. They are used in the filtration of colloidal 
solutions and suspensions. If it is prepared from inorganic materials, and it’s used for the 
filtration of corrosive solutions such as acids and baises. 
2. Stretched membrane. It’s prepared by stretching a homogenous polymer film of a partial 
crystallinity. The stretched membrane material is first extruded from a powder then 
stretched perpendicular to the direction of extrusion. This leads to partial fracture of the 
film and relatively uniform pores with a diameter of 0.1 to 20 m. Its porosity is high and 
up to 90%. 
3. Capillary pore membrane. It’s a micro-porous membrane with a very uniform, almost 
perfect round cylinder pores, obtained by the track-etching process. It is prepared in two 
steps: In the first step, a homogenous 10 to 20 m thick polymer film is exposed to 
collimated charged particles from a nuclear reactor, where the backbone bonds in the 
polymer are broken. In the second step, the film is placed in an etching bath, where the 
damaged material is etched forming uniform cylindrical pores. The pore density is 
determined by the residence time, and the pore diameter is controlled by the residence 
time in the etching bath. 
4. Micro-porous phase inversion membrane. The membrane is prepared by dissolving the 
polymer in a solvent and then casted as a 20 to 200 m thick film. Then a non-solvent in 
a vapour phase is added to the film, where it precipitates and separates the solution into a 
solid polymer and a liquid solvent phase. 
2.2.3.2 Homogenous membrane 
The homogenous membrane consists of a dense film, where a mixture of chemical species is 
transported through it under the driving force of pressure, concentration, or electrical 
gradient. Its permeability is low because the mass transport is always restricted by diffusion, 
(refs. 230, 244). The different types of homogenous membranes are as follows 
1. Homogenous polymer membranes, the mass transfer in an amorphous polymer is greater 
than in highly crystalline or cross-linked polymer. 
2. Homogenous metal and glass membranes; important examples for this type of membrane 
are palladium, palladium-silver or palladium-yttrium. Homogenous glass membrane is 
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used as pH-electrode. 
3. Liquid membranes, which is used in two different configurations; the first is the liquid 
membrane, which is composed as a thin film stabilised by a surfactant in an emulsion-
type mixture. The second is referred to as a supported liquid membrane. 
4. Ion exchange membranes, which consist of highly swollen gels carrying fixed positive or 
negative charges. 
2.2.3.3 Asymmetric structure membrane 
The two basic properties for any membrane are high mass transport rates for a certain 
components and a good mechanical strength. The separation characteristics are determined by 
the nature of the skin polymer and the pore size. The transport rate is characterised by the 
membrane thickness. The sub-layer is only a support for the thin and fragile skin. Its 
advantages include a high filtration rate, which acts as a depth filter and retains most particles 
within their internal structure. The asymmetric membrane consists of a thin skin with a 
thickness ranging between 0.1 to 0.5m, which is a very dense layer, which possesses 
selective property. The sub-layer is a porous layer with a thickness between 0.1 to 0.2 mm; 
the sub-layer gives a mechanical stability to the membrane. The origin of the asymmetric 
membrane is the presence of the skin. There are three views on the formation of the skin 
which are 
1. The asymmetry already exists in the cast film of the concentrated polymer solution before 
precipitation takes place due to surface tension. Further preparation processes, such as 
coagulation and heat treatment, will only fix the already existing asymmetry. 
2. The skin is formed through evaporation from the upper layer of the cast film. 
3. The coagulation process is responsible for the formation of the asymmetry. Skin 
formation and porous sub-layer formation are the result of a complex interplay of phase 
separation and diffusion processes.   
The asymmetric membrane is prepared either by utilisation of phase inversion process or by 
depositing an extremely thin polymer film on a micro-porous substructure where a composite 
structure is gained. Asymmetric membranes are divided into two types 
1. Integral asymmetric membranes. The top layer and sub-layer consist of the same material. 
The parameters determining the structure and the properties of the phase inversion 
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membranes are as follows: 
i. The polymer and its concentration in the casting solution. 
ii. The solvent or the solvent system. 
iii. The precipitant or the precipitant system. 
iv. The form of the precipitate (vapour or liquid). 
v. The temperature of precipitation. 
2. Composite membrane. The top layer and the sub-layer are composed of different 
materials; as a result, each layer can be optimised separately. This type of membrane is 
used for reverse osmosis applications. The performance of a composite membrane is 
determined by the selective film surface, the pore size, the pore distribution and the 
overall porosity. When preparing this type of membrane, the porous sub-layer is prepared 
first, then the dense top layer is placed over it by dip-coating, in-situ polymerisation, 
interfacial polymerisation and plasma polymerisation. 
2.2.3.4 Electrically charged barriers 
In this method, the separation is influenced by the molecule charge, where the molecule can 
either pass through a medium because of its charge, or it can be exchanged for anther charged 
molecule.  In general, ion exchangers are composed of cross-linking polymers with functional 
groups that are electrically active. The ion exchangers can either be a cation exchanger or an 
anion exchanger, which is determined by the functional group. Ion exchanger efficiency is 
determined by the ion exchanger affinity toward the ion needed to be separated and the 
number of active sites available. 
2.3 Separation according to the membrane structure 
Membranes can be separated according to their structure and separation principles to porous 
membranes, nonporous membranes and liquid membranes, (refs. 230, 244). The 
characteristics of these three basic types are as follows 
2.3.1 Porous membranes 
The selectivity is mainly determined by the pore size in relation to the size of the particles to 
be separated. The membrane material has a very small effect on the separation process. These 
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types of membranes are used in microfiltration and ultrafiltration processes. 
2.3.2 Nonporous membranes 
These types of membranes depend on the difference in solubility and/or diffusivity between 
the molecules and the membrane material. 
2.3.3 Liquid membrane 
This membrane is known as liquid membrane or carrier mediated transport membrane. The 
transport is determined by a very specific carries molecule, thus the selectivity toward a 
component depends mainly on the specificity of the carrier molecule. Extremely high 
selectivity can be obtained by the use of specially tailored carriers.  
2.4 Preparation of membranes 
Several factors affect the membrane performance, (refs. 195, 230, 271). For example, for the 
porous membrane, the performance is determined by the membrane pore size. The choice of 
membrane material becomes important with respect to fouling, thermal and chemical 
stability. For nonporous membranes, the membrane performance is affected by the choice of 
the polymer. It depends on the type of the polymer because the intrinsic membrane separation 
properties depend on the chemical structure and hence the choice of the polymer. The 
concentration of the polymer influences the membrane properties. The process of preparing a 
membrane depends on the material used as well as the desired membrane structure. The 
membrane structure depends on the separation process. The choice of the materials used in 
preparing a membrane limits the employed preparation techniques, the obtained membrane 
morphology and the allowed separation principles. This means that not every separation 
problem can be accomplished with every kind of material. As a result, when preparing a 
membrane, several factors affect its structure that must be considered such as the choice of 
the polymer, the choice of the solvent and the non-solvent, the composition of the casting 
solution, the composition of the coagulation bath, the behaviour of the polymer, the location 
of the liquid-liquid de-mixing gap, the temperature of the casting solution and the coagulation 
bathe, and the evaporating time. Membranes are prepared using different techniques, the most 
of which are as follows 
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Figure 2-2. Membrane preparation processes. 
2.4.1 Sintering 
This technique is used to obtain porous membranes from organic and inorganic materials. 
The method involves pressing powder of particles at a given size and sintering at an elevated 
temperature, which depends on the used materials. A wide range of different materials can be 
used such as the powder of the polymers, metals, ceramics, graphite and glass. The pore size 
of the resulting membrane is determined by the particle size and the particle size distribution 
in the powder. The narrower the particle size distribution, the narrower the pore size 
distribution in the resulting membrane. All the materials used as the basic materials for 
sintering have the common feature of chemical, thermal and mechanical stability. 
Microfiltration membranes are prepared by sintering. The porosity of the membrane prepared 
by sintering is generally low. 
2.4.2 Stretching 
An extruded film or foil is made from a partially crystalline polymeric material, where is 
stretched perpendicular to the direction of the extrusion; as a result, the crystalline regions are 
located parallel to the extrusion direction. Ruptures occur and porous structure is obtained 
because of the applied mechanical stress. The obtained pore size is between 0.1m and 3m. 
The porosity of membranes made by stretching is higher than those made by sintering. 
2.4.3 Track-etching  
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The structure obtained by track-etching is a parallel cylindrical shape pore of uniform 
dimensions. In the track-etching process, the membrane is prepared by subjecting a film or 
foil to a high-energy particle radiation, which is applied perpendicularly to the film. The 
particles damage the polymer matrix and create tracks. Then the film is immersed in an acid 
or alkaline bath, and the polymeric material is etched away along the tracks to form uniform 
cylindrical pores with a narrow pore size distribution. The pore size of the membrane ranges 
between 0.02m and 10m, but the membrane surface porosity is low. The materials used in 
preparing membranes by track-etching process depend on the available film thickness and the 
energy of the applied particles. When the applied particle energy is increased, the film 
thickness can also be increased and inorganic materials can be used. The membrane porosity 
is determined by the radiation time, and the pore diameter is determined by the etching time.  
2.4.4 Template leaching  
A porous membrane is prepared by leaching out one of the melt components from a film. For 
example, if a three-component melt is cooled, the melt components will separate into two 
phases where one phase is soluble and the other is not. The soluble phase will be leached out 
by an acid or base. The membrane pore diameter will have a minimum value of 0.05m. 
Glass membranes are prepared by the template leaching process. 
2.4.5 Coating 
The effective thickness must be reduced to increase the flux through the membrane. To 
achieve this, a composite membrane is prepared. The composite membrane consists of two 
different materials with a very selective membrane material as a thin layer; see Figure 2-3.  
 
Figure 2-3.The composite membrane layers, (ref. 195). 
The actual selectivity is determined by the thin layer, where the porous sub-layers act as a 
support. These membranes are prepared by coating procedure such as the following 
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2.4.5.1 Dip coating 
Composite membranes with thin and dense top layer prepared by dip coating are used in 
reverse osmosis, gas separation and pervaporation. The preparation technique starts by 
immersing the membrane in a coating solution bath containing polymer, pre-polymer or 
monomer. The membrane is then removed with a thin layer being adhered to it. After 
removing the film, it is placed in an oven to evaporate the solvent and a cross-linking occurs. 
The cross-linking causes the thin layer formed to fix to the sub-layer.  
2.4.5.2 Plasma polymerisation 
Plasma polymerisation is used to prepare the membrane with a thin and dense top layer. The 
plasma used in this technique is generated by the ionisation of a gas by means of an electrical 
discharge at high frequency. The gas and the reactants enter the reactor at the same time but 
separately. As the gas enters the reactor, it will be ionised. Then radicals will be formed 
through collision with the ionised gas, and the product will precipitate as its molecular weight 
increases. A thin layer is then formed.  
2.4.5.3 Interfacial polymerisation 
Interfacial polymerisation is used to deposit a thin layer in a support layer, which is generally 
an ultrafiltration or microfiltration membrane. The first step is to immerse the support layer in 
an aqueous solution bath, which contains a reactive monomer. The second step is to immerse 
the support layer in a second bath, which contains water immiscible solvent and a reactive 
monomer. Then the two monomers react, forming a dense polymeric top layer.    
2.4.5.4 In-situ polymerisation 
The in-situ polymerisation includes dispersion and distribution of clay layers in the monomer, 
which is followed by polymerisation. Where polymerisation is initiated by heat, radiation, 
diffusion of a suitable initiator, and organic initiator or catalyst. An advantage of in-situ 
polymerisation is the tethering effect, which enables the nanoclay’s surface organic chemical 
to link with polymer chains during polymerization. 
2.4.5.5 Grafting 
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Another type of coating is when the coating layer plugs the pores in the sub-layer. In this 
case, the properties of the sub-layer determine the overall properties rather than the coating 
layer. 
2.4.6 Phase inversion 
Phase inversion is a process whereby a polymer is transformed in a controlled manner from a 
liquid to a solid state and the formed membrane is polymeric, (refs. 195, 230). There are 
different techniques within the phase inversion process, which include the following 
1. Precipitation from the vapour phase: the membrane is formed by penetration of a 
precipitant into the solution film from the vapour phase; the vapour phase is saturated 
with the used solvent. The produced membrane is porous with an even distribution of the 
pores and without a skin. The polymer solution is subjected to a non-solvent inflow; the 
solvent saturated vapour phase prevents the outflow of the solvent. A liquid-liquid phase 
separation occurs and a micro porous membrane without a skin is formed. The 
distribution is symmetric. The pore size can be controlled by the preparation variables, 
where the pore size increases as the temperature increases or as the polymer concentration 
decreases.  
2. Precipitation by controlled evaporating: the polymer is dissolved in a mixture of good and 
poor solvent (the good solvent is more volatile). When the solvent mixture shifts in 
composition during evaporation to higher non-solvent content, then the polymer 
precipitates. The resulted membrane is skinned. If a solution consists of a polymer and a 
solvent, and the solvent is lost through evaporation, as a result, the polymer concentration 
increases and gelation takes place. A dense polymer is formed by this process. If gelation 
occurs through crystallisation, the properties of the film depend on the rate of evaporation 
and diffusion.   
3. Immersion precipitation: the cast polymer film is immersed in a non-solvent bath, and 
then a polymer precipitates as a result of solvent loss and non-solvent penetration. The 
determining factor for the skin formation is the local polymer concentration in the top 
layer in the polymer solution at the moment of precipitation. 
4. Thermal precipitation: the polymer solution is mixed with a solvent, and is then brought 
to separation by a cooling step. In a mixture of a solvent and non-solvent, the polymer is 
dissolved in the mixture at high temperature. When the temperature is lowered, the 
solution becomes unstable with respect to liquid-liquid phase separation and a porous 
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structure is formed. 
The phase inversion process is characterised as follows 
1. A ternary system, which involves at least one polymer component, one solvent and one 
non-solvent. The solvent and the non-solvent must be miscible. 
2. Mass transfer; the membrane is formed by the transport of the solvent and the non-
solvent, where the non-solvent concentration in the film increases. The changes of 
composition in the film are governed by diffusion. 
3. Precipitation; as the non-solvent content increases, the solution becomes unstable 
thermodynamically. As a result, a phase separation will occur.   
2.5 Transport medium   
In general, there are four basic types of transport mediums 
2.5.1 Permanent pores greater than 5 nm in diameter 
Permanent pores greater than 5 nm in diameter, deliberately introduced into the membrane 
during manufacturing. The molecule transport takes place by convection. An example of 
membranes with pore diameter greater than 5 nm is macro-porous membrane. The most 
common way to prepare macro-porous membranes involve a combination of a solvent and a 
non-solvent polymer, which are used together or in succession. They are used in separation as 
sieves that retain macromolecules or colloidal particles bigger than the pore size. Small 
molecules and ions pass through it.    
2.5.2 Small pores 
Small pores less than 1 nm in diameter. When molecules transport through these pores, they 
interact with the pore walls and the pore system may not be continuous and interconnecting. 
Permeation through the membrane has some characteristics of convection and some of 
diffusion. Micro-porous membrane is an example of a membrane with pore diameter less than 
1 nm. As the glass temperature decreases, the pores caused by packing defects increases and 
their contribution to transport increases. These types of membranes are useful in gas and 
liquid or vapour separations. Transport takes place by a combination of conviction and 
diffusion (and perhaps surface diffusion) in the micro-pores with diffusion in the denser 
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polymer surrounding the pores.   
2.5.3 Amorphous polymer.  
Permeates can dissolve in an amorphous polymer and travel by diffusion down their 
concentration gradients motivated by the molecular Brownian motion. An example is the 
solvent-type membrane. The chain segment of electrometric and flexible polymer above the 
glass transitions execute motion that is similar to the thermal motions of the molecules in 
normal liquids. It cannot retain a permanent pore system of near molecular dimensions. The 
―free volume‖ is mobile and its distribution is governed by statistical thermodynamic 
requirements. When a polymer in the form of a membrane separates two reservoirs at 
different solute activities, the equilibrium concentrations at the membrane faces differ. The 
solute is then transported down its concentration gradient within the membrane at a rate 
controlled by the thermal motion in the mixture. 
2.5.4 Gel membrane.  
The transport of solutes in gels is highly complex, and both diffusion and convective 
contribute. The gel is formed when the polymer is swollen by imbibing a liquid; the liquid 
component may move by diffusion and convection. Hindrances exist in the gel and their 
extent depends upon the degree of swelling of the polymer and the size and nature of solute 
molecules. Substances dissolved in the liquid can transport through the gel but they interact 
with it and are hindered by the polymer chain. 
2.6 Summary   
In this chapter membrane classification and preparation techniques have been explained. 
Several factors affect the membrane performance such as the membrane pore size,  the choice 
of membrane material and the preparing techniques of a membrane. Such factors either limits 
or enhance the obtained membrane morphology, the membrane permeability and membrane 
slectivity. In-order to improve the membrane separation processes and understand them, there 
are several techniques which are used to characterise the membranes such methods are 
explained in chapter 3.  
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Chapter 3 Membrane characterisation                 
Membrane characterisation can determine structural and morphological properties of a given 
membrane, where membrane characterisation can relate membrane structural properties to 
membrane separation properties. Membrane characterisation methods can help to gain the 
appropriate knowledge about the membrane pore structure such as pore radius, pore density and 
pore shape. These information’s help in choosing the appropriate membrane for a specific 
application, controlling the membrane quality, understanding the separation behaviour and 
predicting separation performance for various substances. There are different ways to 
characterise membranes because of their different properties, which ranges between porous 
and nonporous membranes. The membrane characterisation becomes more difficult as the 
pore size decreases. Membranes can be divided according to their characteristics into porous 
and nonporous membranes. The pore size characterises the membrane, not the membrane 
material. The pore size mainly determines which particles or molecules will retain and which 
will pass through the membrane. On the other hand, in dense pervaporation and gas 
separation membranes, there are no fixed pores present and the membrane material mainly 
determines the performance. The morphology of the polymer material used in preparing the 
membrane directly affects the membrane permeability.  
3.1 Characterisation of porous membranes 
The characterisation methods determine the pore size and pore size distribution. However, in 
the actual separation processes, the membrane performance is mainly controlled by other 
factors such as concentration polarisation and fouling. One important factor in the 
characterisation of porous membranes is the shape of the pore or its geometry. Another factor 
is the pore size and pore size distribution. For absolute rating, all particles or molecules of 
pore size at the value of the absolute rate or bigger would retain. For nominal rating, a 
percentage of the particles or molecules of a pore size at the value of nominal or larger would 
retain; see Figure 3-1.  
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Figure 3-1. Percentage of the particles versus the pore size, (ref. 195). 
The surface porosity is another factor in characterising porous membrane. It is an important 
variable in determining the flux through the membrane in combination with the thickness of 
the top layer or the length of the pore. There are two methods used to distinguish porous 
membrane 
a. Structure-related parameters; determination of pore size, pore size distribution, top layer 
thickness and surface porosity. 
b. Permeation-related parameter; determination of the actual separation parameters using 
solutes that are more or less retained by the membrane. 
Porous membranes are characterised by different techniques as follows 
3.1.1 Electron microscopy 
There are two techniques used in electron microscopy, which are the scanning electron 
microscopy (SEM) and the transmission electron microscopy (TEM). Scanning electron 
microscopy is a very simple method where a clear and concise picture of the membrane can 
be obtained for the top layer, cross section and the bottom layer. From the photographs, the 
pore size, the pore size distribution and the porosity can be estimated. This method was used 
in the experimental work in-order to have an idea about the used ceramic membrane physical 
properties and to obtain the thickness of the membrane active layer, where the rejection of 
ions takes place. Pictures for the membrane surface and for a cross sectional part where 
obtained by using SEM (FEI Quanta 200, Purge, Czech Republic) and EDXS Machines 
(EDXS, Amertek Inc, Paoli, PA, USA). For more details about the obtained membrane 
pictures see section 8.4. 
3.1.2 Bubble point method 
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This method measures the pressure needed to blow air through a liquid-filled membrane. It 
characterises the membrane’s maximum pore size and determines the active pores. It depends 
on the liquid type, the increase in rate of pressure and the pore length. The pore size 
distribution can be obtained by a stepwise increase of pressure. This method is independent 
of the liquid type but different results (radius value for pore size) are obtained with different 
liquids, (refs. 195). 
3.1.3 Mercury intrusion method 
This technique is similar to the bubble point method; the difference is that mercury is forced 
into a dry membrane with the volume of mercury being measured at each pressure. Since the 
volume of mercury can be determined very accurately, the pore size distribution can be 
determined by this technique. The disadvantages of this technique are that the apparatus is 
expensive, and since the small pores need high pressure, this may lead to the damage of the 
membrane structure. This method measures all the pores present in the structure including 
dead-end pores. 
3.1.4 Permeability method 
The pore size can be obtained by measuring the flux through a membrane at constant pressure 
if capillary pores are assumed present. The minimum pressure needed to measure the flux 
depends on the type of membrane material present, type of permeate (surface tension) and the 
pore size. At a certain minimum pressure the large pores will be permeable and small pores 
will be impermeable. This method can be used for microfiltration and ultrafiltration 
membranes. Although it is a simple method, the main problem is that it depends on the pore 
geometry, which is hard to calculate. 
3.1.5 Atomic force microscopy 
Atomic force microscopy (AFM) is a new method used to characterize the membrane surface, 
where it can determine the membrane surface structure. Also, atomic force microscopy 
(AFM) can be used to determine the membrane pore size and porosity by taking a cross-
section image.   
3.1.6 Bubble point with gas permeation 
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In this method, the gas is blown through a dry membrane and the applied pressure is 
measured. Then the membrane is wetted and the gas is blown through it and the gas-applied 
pressure is measured. At low pressures, the pores stay filled with liquid and gas flow through 
the membrane is very low and determined by diffusion. There is a certain minimal pressure 
where the largest membrane pore is empty from liquid and gas flow through these pores will 
increase by convection. 
3.1.7 Gas adsorption-desorption 
It is used to determine the pore size and size distribution in porous materials, (refs. 195). The 
adsorption and desorption of an inert gas is determined as a function of the relative pressure. 
The relative pressure is equal to the ratio between applied pressure and the saturation 
pressure. When a gas is passed through a membrane, the gas is absorbed by the membrane; 
the adsorption isotherm starts at low pressure and small pores start to fill up, and by 
increasing the pressure, large pores start to fill up. The total pore volume is determined by the 
quantity of gas adsorbed near the saturation pressure. When the pressure starts to decrease 
below the saturation pressure, desorption starts to take place. Generally, the desorption curve 
is not identical to the adsorption curve; the reason is that capillary condensation occurs 
differently in adsorption and desorption. Its main problem is to relate geometry to a model 
that allows the pore size and pore size distribution to be determined from the isotherms. 
Dead-end pores that do not contribute toward transport are measured by this technique. 
Ceramic membranes give better results because of their structure and it is less susceptible to 
capillary forces. 
3.1.8 Thermoporometry  
Thermoporometry is based on the calorimetric measurement of solid-liquid transition in a 
porous material. The liquid passing through the membrane is cooled until the solution starts 
to freeze inside the membrane pores. Then the effect of heat transition is measured by using a 
differential scanning calorimeter (DSC). The liquid then starts to melt and the pore size 
distribution can be obtained, where a melting curve is measured as a function of under-
cooling temperature by using differential scanning calorimeter (DSC). An assumption has to 
be made about the pore geometry in order to calculate the pore size and the pore size 
distribution. When all pores are measured including dead-end pores, the pore size distribution 
can also be determined.  
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3.1.9 Permporometry 
This technique is used to characterise the membrane and information is obtained about the 
pore size and the pore size distribution of the active pores in the top layer. The top layer of 
the membrane is dependent on the type of vapour employed. It depends on the blockage of 
pores by means of a condensable gas, with the simultaneous measurement of gas flux through 
the membrane. In this method, a condensable gas is used to pass through the membrane. 
When the relative pressure value is equal to unity, the pores are filled only with liquid. After 
reducing the relative pressure, the condensed vapour is removed from the largest pores and 
diffusive gas flow is measured. Then the relative pressure is decreased until it reaches zero 
value and gas flow through all of the membrane pores. As a result, the pore size distribution 
can be obtained from the gas flow through the membrane. The principle problem in this 
technique is the difficulty of maintaining the same vapour pressure on both sides of the 
membrane. 
3.1.10 Solute rejection measurements  
The membrane separation can be characterized by the solute rejection, (refs. 195). Where the 
membrane cut-off is the solute molecular weight, which 90% is rejected by the membrane. 
The membrane rejection is given as  
f
p
C
C
R 1
  
(3.1) 
where R is the membrane rejection, Cp is the solute concentration in permeate and Cf is the 
solute concentration in the feed. Other important parameters that characterize the membrane 
separation are the molecular weight of the solute, the shape and the flexibility of the 
macromolecular solute, the solute interaction with the membrane material and the 
concentration polarisation phenomena. This approach was followed in-order to try to 
understand the separation behaviour of the ceramic nanofiltration membrane that was used in 
this work. The rejection of ions was obtained theoretically by solving numerical equations 
that describes the separation behaviour of nanofiltration membranes, for more details see 
chapter 8. In addition, the rejection of different types of ions by nanofiltration membranes 
were obtained by experimental work to try to understand the separation behaviour of ceramic 
nanofiltration membrane, for more details go to chapter 8.    
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3.1.11 Liquid displacement 
In this method, two immiscible liquids are used where another liquid displaces a liquid inside 
the membrane pores. The displacement starts at the largest pores causing a flow that is 
measured with a mass flow meter. By increasing the pressure, small pores start to be 
displaced and increase the flux through the membrane. As a result, a relation between the flux 
and membrane pore radius is obtained. This method is carried either by changing the applied 
pressure and measuring the flow rate or by changing the flow rate and measuring the 
pressure. In this method, only active pores are characterized. It is disadvantageous that a 
membrane swelling may occur because of the liquids that change the pore size.   
3.2 Characterisation of nonporous membranes 
One of the principles of characterising the nonporous membrane is to determine its 
permeability toward gases and liquids, (refs. 195). The physical state (rubbery or glassy) is an 
important factor. Whether a polymer is in a glassy or rubbery state, its state is determined by 
its glass transition temperature. For glassy polymers, the permeability decreases with 
increasing pressure due to non-ideal sorption. The glass transition temperature (Tg) and the 
crystallinity are the structural parameters that affect the membrane permeability. Solution-
diffusion mechanism is the driving force in nonporous membranes and separation occurs 
because of differences in solubility and diffusivity. The physical properties related to the 
chemical structure are characterized by the following techniques 
3.2.1 Permeability method 
The permeability method determines the gas and the liquid permeability or permeability 
coefficient from steady state gas flow in the membranes with known thickness. 
3.2.2 Physical methods 
Physical methods can determine the different physical properties of membranes such as the 
glass transition temperature, the crystallinity and density. Physical methods use the following 
techniques 
1. DSC/DTA methods. Differential scanning calorimetry (DSC) and differential thermal 
analysis (DTA) are used to measure transitions or chemical reactions in polymer. 
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Differential scanning calorimetry (DSC) determines the energy necessary to counteract 
any temperature difference between the sample and the reference. Differential thermal 
analysis (DTA) determines the temperature difference between the sample and the 
reference upon heating or cooling. The glass transition temperature (Tg) is the point of 
intersection of the tangents (or the flux point). As degree of crystallinity increases, the 
density also increases because the density of the crystalline regions is greater than that of 
amorphous regions. 
2. Density gradient columns. Membranes prepared from high-density polymers tend to have 
lower permeability. Density is related to the glass transition temperature, crystallinity and 
the free volume. The density is determined by different techniques such as picrometry and 
dilatometry. 
3. Wide-angle X-ray diffraction (WAXS). It is a technique used to collect information about 
membrane morphology, size and shape of crystallites and degree of crystallinity. In this 
method, an x-ray beam impinges the membrane or polymer and then the intensity of the 
scattered x-ray is determined as a function of the diffraction angle, and the shape of peaks 
results from the relation, where the degree of crystallinity is obtained by calculating the 
area under the peak.     
3.2.3 Plasma etching 
Plasma etching measures the thickness of the top layer in asymmetric and composite 
membranes. In addition, the uniformity of the structure in the top layer, sub-layer and layer 
just beneath the top layer can be determined. This process involves reaction between the 
surface of polymeric membrane and plasma produces in a glow discharge. When the gas 
transport properties are measured as a function of the etching time, information can be 
obtained about the morphology and thickness of the top layer. 
3.2.4 Surface analysis method 
When a solid surface is excited by means of radiation, information about the presence of 
specific groups, atoms or bonds are detected from the emission products. There are different 
techniques that are used in surface analysis, such as electron spectroscopy for chemical 
analysis (ESCA), X-ray photoelectron spectroscopy (XPS), secondary ion mass spectrometry 
(SIMS) and auger electron spectroscopy (AES). 
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3.3 Summary 
The membrane structural properties can be obtained from the membrane characterisation 
methods, where the membrane characterisation can relate the membrane structural properties 
to the membrane separation properties. The characterisation methods cannot be applied for 
each type of membranes because of their different properties, which ranges between porous 
and nonporous membranes, and membrane characterisation becomes more difficult as the 
pore size decreases. In this work, two methods were used to characterise ceramic 
nanofiltration membrane which are the scanning electron microscopy (SEM) and the solute 
rejection. The membrane effective layer thickness was obtained by using SEM-EDXS 
equipment; also a general idea about the pores distribution and the supporting layer was 
achieved. The solute rejection was studied using different types of salts solution, to try to 
understand the rejection behaviour of ceramic nanofiltration membrane. These 
characterisation methods would be explained in details in chapter 9. 
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Chapter 4 Membrane processes   
Transport through the membrane takes place because of the driving force acting on the 
individual components in the feed. Permeation rate (the flux) through the membrane is 
proportional to the driving force. The relation between the flux and the driving force is a 
linear phenomenological equation, where the driving force (dX/dx) is expressed as the 
gradient of (X) (where X can be temperature, concentration and pressure) along the 
coordinate (x) perpendicular to the transport barrier. The phenomenological equations are 
Fick’s law, Darcy’s law, Fourier’s law, Newton’s law and Ohm’s law (refs. 195, 267, 271). 
When two or more components are permeating through a membrane, coupling phenomena 
may occur between the fluxes and the driving forces. These couplings can be described using 
non-equilibrium thermodynamics. An example for the coupling of fluxes is the transport of 
water with an ion, which is driven across a membrane by an electrical potential gradient. 
(refs. 230, 244). Mass transport through a membrane may occur as a result of mass diffusion 
or convection induced by gradients of electrical potential, concentration, pressure or 
temperature, (refs. 195, 270). The difference in the transport rate of chemical species between 
the membrane boundaries causes the separation process. The driving force or the forces 
acting on the individual components and the concentration, as well as the mobility through 
inter-phases, determine the transport rate. The mobility is determined by the solute’s 
molecular size and the membrane’s physical structure. The mobility and concentration of the 
solute determine how large the flux for a given driving force is. The three basic mass 
transport forms through a membrane are as follows 
1. Passive transport. All the solutes are transported under a driving force of their electro-
chemical potential. The gradients of electro-chemical potential in the membrane may be 
caused by the difference in hydrostatic pressure, concentration, temperature or electrical 
potential between the two phases separated by the membrane. The solutes are transported 
from high potential side to low potential side. If no external forces are applied to the 
system and the difference between potentials is equal to zero, the system will reach 
equilibrium state.    
2. Facilitated transport. The driving force, which transports the solute, is the gradient of its 
electro-chemical potential across the membrane. Specific solutes are coupled to specific 
carriers in the membrane phase. The selectivity toward the transported solutes is higher 
than in other transport forms.   
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3. Active transport. The solute components are transported against the gradient of the 
electro-chemical potential. The driving force for transportation is provided by a chemical 
reaction within the membrane phase. This type of transport is mainly found in the living 
cell membranes.   
The driving forces in the membrane are considered interdependent; for example, the 
concentration gradient across the membrane may not only cause mass flow but also build-up 
of a hydrostatic pressure difference, and this phenomenon is known as osmosis. Another 
example is that the gradient of a hydrostatic pressure may not only cause volume flow but 
also the formation of a concentration gradient, which is known as reverse osmosis. In the 
membrane separation process, the important driving forces that lead to a significant flux are 
as follows 
1. A hydrostatic pressure. If the hydrodynamic permeability of the membrane is different for 
different solutes, the difference in the hydrostatic pressure between the two phases 
separated by a membrane can lead to a volume flux and separation of solutes. 
2. A concentration difference. The difference in concentration between two phases separated 
by membrane can lead to the transport of solute and the separation of different types of 
solutes, when the diffusivity and concentration for the different solute types are different. 
3. Electrical potential. The difference in electrical potential can cause the transport and 
separation of solute when the different charged particles show different mobility through 
the membrane. 
The driving force can either be pressure difference, concentration difference, temperature 
difference or electrical potential difference, where the membrane processes can be separated 
according to their driving force as follows  
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Figure 4-1. Membrane processes. 
4.1 Membrane using pressure difference as a driving force 
Pressure-driven membranes can be used to concentrate or purify a dilute solution. The 
membrane pore size and the pore size distribution are determined by the solute properties 
such as the solute molecule size and the solute chemical properties. The membranes that use 
the pressure as a driving force include microfiltration, ultrafiltration, nanofiltration and 
reverse osmosis (hyper filtration). The driving force in the pressure-driven process is the 
applied pressure, where the solvent permeates through the membrane and the solute in the 
feed solution is rejected. The difference between microfiltration, ultrafiltration, nanofiltration 
and reverse osmosis is the separated molecule size and the membrane pore size. The pore size 
decreases from microfiltration to ultrafiltration to nanofiltration and finally to reverse 
osmosis, and as a result the applied pressure and the membrane resistance increases, see 
Figure 4-2. The flux through these processes is inversely proportional to the membrane-
effective thickness. 
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Figure 4-2. Membrane Pore size. 
4.1.1 Microfiltration 
Microfiltration is used to retain suspensions and emulsions, and it has pores with diameters 
ranging from 0.05 to 10 m, (refs. 195, 230, 239). Microfiltration membrane is considered a 
porous membrane. Separation in microfiltration membrane occurs because of the sieving 
mechanisms. The volume flow through microfiltration process is described by Darcy’s law, 
(refs. 271, 329) where the flux is given by 
pPJ const    (4.1) 
where Pconst is the permeability constant that contains structural factors such as porosity and 
pore size. Also the viscosity is inversely proportional to the flux and the structural parameters 
such as porosity and pore radius are related to the volume flow. To optimise microfiltration 
membrane, the structural parameters such as porosity must be high while the pore size 
distribution must be narrow. Microfiltration membrane is prepared from different materials 
such as organic materials such as polymeric and inorganic materials such as ceramics, metals 
and glasses. Microfiltration membrane can be classified according to their pore size into 
tortuous-pore membrane and capillary-pore membrane; see Figure 4-3. 
 
Figure 4-3. On the left-hand side is the capillary-pore membrane and on the right-hand side is the tortuous-pore membrane, (ref. 
230). 
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1. Tortuous-pore membrane is prepared by using the solution-cast process where different 
types of polymers such as cellulose esters and polyvinyl chloride (PVC) are used. In the 
solution-cast process, the solvent is evaporated in a humid atmosphere, where it 
precipitates the polymer around a residual solvent creating the tortuous-pore membrane. 
The stretching process is also used to manufacture tortuous-pore membranes. It is used in 
large-scale industries.  
2. Capillary-pore membrane. These membranes are prepared by using the track-etch 
process. The pores in the capillary membrane are straight cylindrical pores and this type 
of membrane is used in laboratory applications. 
Microfiltration can also be separated into screen filter membranes and deep filter membranes. 
Screen filter membranes have small pores at its surface; as a result, particles with a diameter 
larger than the pore diameter are separated. Deep filter membranes have a large surface pore 
diameter, where particles pass through the membrane surface and are then trapped inside the 
membrane, where the particles are captured by the membrane internal pores or adsorbed by 
the membrane walls. The pore size in the microfiltration membrane is determined by the 
bubble point test. Where all the pores in the membrane are wetted, then a pressure is applied 
to one side of the membrane. The pressure at which the first bubble appears is known as the 
bubble point pressure; from this pressure, the maximum pore size can be determined. 
Mercury intrusion porosimeters can be used to determine the pore size distribution where it 
measures the pits and the pores.  
The driving force in the microfiltration membrane is an applied pressure that is less than 2 bar 
and the principle of separation is the sieving mechanism where molecules are distinguished 
according to their size and shape where large and wide molecules do not pass through the 
membrane pores while small and narrow molecules pass. The retention of particles depends 
on several factors beside the pore size where some particles smaller than the pore size may be 
absorbed by the membrane and zeta-potential of the membrane medium can affect the 
retention of opposite-charged particles. When particle size is smaller than the pore size but 
too large to diffuse with the solvent, it will be captured by the membrane, which is known as 
inertial-impaction. Small particles are captured by the membrane because the membrane 
thickness is inversely proportional to the particle size.   
Microfiltration membrane is prepared by different ways such as sintering or agglomeration, 
stretching, track-etching, sol-gel process, thermal phase inversion and chemical phase 
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inversion. Usually, inorganic materials are used to prepare the microfiltration membrane 
because of its chemical and thermal resistance, and the pore size can be controlled, thus the 
pore size distribution is very narrow. Ceramic microfiltration membranes can be prepared by 
sintering, solution/gel and anodic oxidation processes. 
Microfiltration membrane is characterised by scanning electron microscopy (SEM), bubble-
point measurements, mercury porometry and permeation measurements methods. 
Microfiltration membrane disadvantage is the flux decline caused by concentration 
polarisation and fouling. The membrane fouling is a result of the solute deposition on the 
membrane pores or at the membrane surface. Fouling occurs during the process where it 
depends on the process mode. Membranes in the microfiltration process are arranged either as 
dead-end or cross-flow modes to reduce fouling and concentration polarisation. In dead-end 
filtration mode, the feed is perpendicular to the membrane surface, and as a result, particles 
accumulate and form a cake layer at the membrane surface, the permeate decreases with time 
and the cake layer increases. In cross-flow filtration mode, the feed enters the process along 
the membrane surface side and thus the retained molecules accumulate and are swept away, 
which increases the membrane lifetime. Also, fouling depends on the membrane material 
type where adsorption of materials by the membrane causes fouling. Membrane material is 
important with respect to membrane stability relative to cleaning. Additionally, to reduce 
fouling, concentration polarisation and to gain better results of separation, a depth media 
working as pre-filter is added before the membrane where it removes bulk particles from the 
solution before it reaches the membrane and as a result, the membrane lifetime increases. 
Furthermore, the membrane lifetime can be increased by increasing the membrane area and 
by backwashing the membrane. 
Microfiltration membrane is used in laboratories for measuring particulates in water and 
recovering biomass. In addition, it is used in sterilisation and clarification of all kinds of 
beverages in food and pharmaceutical industries. In the pharmaceuticals industry, the 
microfiltration membrane is used to filtrate injectable fluids during manufacturing. In 
biotechnology, microfiltration is used in cell harvesting and as a part of the membrane 
bioreactor. Also, microfiltration membranes are used in waste water treatment, continuous 
fermentation, separation of oil-water emulsions, dehydration of lattices, and filtrating gas and 
vapour. 
4.1.2 Ultrafiltration 
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Ultrafiltration membrane is prepared from polymeric materials, inorganic (ceramic) 
materials. Ultrafiltration membrane is prepared from polymeric materials by the phase 
inversion process. Ultrafiltration membrane separates micro solutes from macro solutes and 
colloids. Ultrafiltration membranes can be characterised by cut-off measurements, 
thermoporometry and permporometry techniques, (refs. 239, 271, 329). Permeation through 
ultrafiltration membrane is affected by the solute molecular weight, the retained molecule 
shape and the feed solution pH. The performance of ultrafiltration membrane is affected by 
membrane fouling and concentration polarisation, thus it must be designed in a way that it 
will reduce fouling. Ultrafiltration membrane process is very good in recovering high-value 
products, permeate recycling, pollution control and energy saving when permeate can be 
recycled without the need for heat. The first use for ultrafiltration membrane process was 
enzyme recovery, protein recovery from cheese whey and electro paint recovery. 
Ultrafiltration membrane is used for fractionation of macromolecules, where small molecules 
and solvents pass through the membrane and large molecules are retained. It is used in food 
and dairy industries, pharmaceutical, textile, chemical, metallurgy, production of pure water, 
sewage treatment, paper and leather industries. 
The pore size of ultrafiltration membranes range between 1 nm to 0.05 m, and is used to 
retain macromolecules from a solution. Ultrafiltration is considered a porous membrane, the 
rejection is determined by the size and the shape of the solute relative to the membrane pore 
size and if the solvent transport is directly proportional to the applied pressure. Separation not 
only depends on the pore size and pore size distribution, but also on the chemical affinities of 
the solute molecules. The separation is considered a sieving separation mechanism. The 
driving force is an applied pressure on the membrane. The difference between microfiltration 
and ultrafiltration is that in microfiltration, the membrane resistance is determined by the 
whole membrane while in ultrafiltration, only a small part of the total membrane thickness, 
which is the top layer, is used in determining the membrane resistance because of its 
asymmetric structure. The top layer thickness is less than 1 m. The flux is directly 
proportional to the applied pressure; see equation (4.1). The performance of ultrafiltration 
membrane process is quoted in terms of pure water flux, which is called cut-off. The cut-off 
technique does not give enough information about the membrane ability to separate solutes 
from solutions. The ultrafiltration membrane can be characterised in another way by 
determining the following parameters 
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1. Permeability 
Ultrafiltration membrane permeability is determined by the pore size, the pore density and the 
thickness of the membrane active layer. The permeability coefficient increases as the solvent 
volumetric flux through the membrane increases and decreases as the driving force increases, 
(refs. 195, 230). 
2. Pore size distribution 
The pore size distribution can be measured by different methods such as high-resolution 
electron miscopy method and thermoporometry method, (refs. 230). From resolution electron 
miscopy method, a direct measurement of the membrane surface porosity can be obtained for 
pores with a diameter lager than 10 nm. Thermoporometry method is a calorimetric technique 
based on the width of the solidification thermogram of a pure substance held in a porous 
material that depends on the pore size distribution. The pore size distribution for porous 
membrane is determined by the calorimetric measurements of transition energy and 
temperature.  
3. Rejection coefficient and cut-off  
The cut-off is the upper molecular weight for solute passage. The cut-off is not an intrinsic 
property because the rejection coefficient depends on the concentration polarisation, the 
chemical nature of the macromolecules, the solvent used and the conformational changes in 
the macro-solutes.    
Ultrafiltration membrane can be used in three operating processes 
1. Enrichment of solution. The aim of this process is to obtain a retentate with 
macromolecule concentration bigger than in the feed. 
2. Purification of solvent. The macromolecule concentration in the permeate is as low as 
possible. 
3. Fractionation of a mixture of solutes, the retentate have a high concentration ratio of 
macromolecules concentration to small solute concentration.  
To obtain the required separation results, several aspects are required such as the following 
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1. Permeation rate  
High permeability rate must be obtained for the long time of the separation period. The 
difference between the maximum flux and the observed flux is a result of concentration 
polarisation. Concentration polarisation in the ultrafiltration membrane can be explained 
either by gel layer theory or by osmotic pressure, (refs. 230).  
2. Membrane permeability 
The membrane permeability for high permeable membranes is not an important factor in 
determining the flux in the ultrafiltration membrane process. The advantage of high 
permeable membrane is that the limiting flux can be obtained at the operating pressure thus 
saving energy. 
3. Flow velocity 
The concentration polarisation can be controlled by letting the solution enter parallel to the 
membrane surface where the tangent ionic velocity is parallel to the membrane surface.   
4. Trans-membrane pressure 
To maximise the membrane output, the flux must be close to the limiting flux then it will be 
inefficient to increase the operating pressure because the energy rate would increase and the 
production rate would not change. Also, the operating pressure should not exceed the limiting 
point to be able to avoid fouling and flux decline. 
5. Temperature 
As the temperature increases, the relative velocity deceases and diffusion coefficient of 
macromolecule increases. The viscosity and diffusion coefficient affects the mass transfer 
and the flux rate. The permeation rate (flux) increases as the temperature increases. 
6. Retentate concentration 
When retentate concentration increases, its viscosity increases and polarisation layer 
thickness increases, thus as a result, the mass transfer decreases.  
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7. Fouling and flux decline 
The membrane fouling takes place in three stages: concentration polarisation, adsorption of 
macro-solutes and polymerisation of the adsorbed layer. Fouling is considered a problem 
where the feed solution is of biological origin. In biological solutions, a complex equilibrium 
is set up and any changes in concentration can destroy this equilibrium. Ultrafiltration 
membrane can be used to re-concentrate electro-point baths where it can stay working for 
several months without cleaning and no flux decline occurs. Fouling can be cleaned using 
several techniques such as using chemical agents and mechanical methods. Mechanical 
methods include backpressure flushing and sterilisation. Ultrafiltration membrane is cleaned 
by using chemical and mechanical processes. Chemical cleaning includes treating the 
membrane with alkaline, enzymatic detergents and acids. Mechanical cleaning includes 
forcing sponge balls with diameter slightly larger than the membrane pore’s diameter. The 
sponge balls scrape the membrane surface and remove the precipitated layer. Also, 
mechanical cleaning includes back flushing by applying a pressure on the permeate side, 
forcing permeate to transport back through the membrane lifting the deposited material from 
the feed side.     
8. Pre-treatment 
Membrane fouling can be reduced by the per-treatment of the feed solution. Pre-treatment 
includes pH adjustment, heat pre-treatment and pre-filtration or centrifugation. Pre-treatment 
often adds cost to the overall cost treatment. Pre-treatment improves ultrafiltration membrane 
performance. 
4.1.3 Reverse osmosis 
If two solutions with two different concentrations are separated by a membrane that is 
permeable to the solvent and impermeable toward the solute, then the osmotic pressure rises, 
(refs. 40, 75, 90, 195, 230, 239). If the chemical potential for the solvent in the concentrated 
solution (phase 1) is given as 
  11,1,1, ln pVaRT ssoss    (4.2-a) 
and if the chemical potential for the solvent in the dilute solution (phase 2) is given as 
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  22,2,2, ln pVaRT ssoss     (4.2-b) 
The chemical potential for the solvent in the dilute phase is higher than the chemical potential 
of the solvent in the concentrated phase; as a result, the solvent flows from the dilute phase to 
the concentrated phase, (refs. 31,37,56, 80, 329, 372). This process continues until the 
osmotic equilibrium is reached where the chemical potentials are equal as given below 
   212,1,
2,1,
lnln ppVaaRT sss
ss

 
  (4.3) 
The difference in the applied pressure or the hydrodynamic pressure is known as the osmotic 
pressure 
 21 pp    (4.4) 
The osmotic pressure depends on the solute concentration. In normal processes, the solvent 
would move from the dilute concentration phase or the low concentration to the high 
concentration phase. As a result, to reverse the process and force the solvent to move from 
the high concentrated phase to the lower concentrated phase, an applied pressure bigger than 
the osmotic pressure must be applied, which is known as reverse osmosis process. Thus, 
reverse osmosis can be defined as a process where pressure is used to reverse the normal 
osmotic flow of solvent across a semi-permeable membrane. The applied pressure is higher 
than the osmotic pressure. See Figure 4-4. 
 
Figure 4-4. The osmotic and reverse osmotic processes, (ref. 230). 
Reverse osmosis is used in separating low molecular weight solutes such as inorganic salts or 
organic molecules. The membrane is dense and its resistance is high. High pressure is applied 
to force the solvent to flow through the membrane because of high membrane resistance. The 
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membrane in reverse osmosis is permeable to the solvent and not to the solute, and high 
pressure is applied to overcome the osmotic pressure. If the applied pressure is less than 
osmotic pressure, the solvent flows from the dilute solution to the concentrated solution. And 
if the applied pressure is higher than osmotic pressure, the solvent flows from the 
concentrated solution to the dilute solution. The reverse-osmosis process takes place at room 
temperature without phase change; as a result, the energy consumption is low. The energy 
consumption in the reverse osmosis process is due to the work of pressurising the inlet fluid.  
The reverse osmosis process is used with solutions containing low molecular weight solutes 
and aqueous solutions containing very small amounts of organic solutes. The total flux is the 
sum of the solute flux Jw and the solvent flux Js, which is given as follows 
SwTotal JJJ    (4.5) 
If the membrane is highly selective, the solvent flux is high compared to the solute flux; as a 
result, the total flux will be equal to the solvent flux, (refs. 195, 230). The solvent flux can be 
given as 
 





 

RT
ppV
l
cD
J s
ss
s
m 211,   (4.6-a) 
  pPJ ss     (4.6-b) 
From equations (4.6-a) and (4.6-b), it can be noticed that if the applied pressure is less than 
the osmotic pressure, the solvent would flow from the dilute solution side to the high 
concentrated solution side. If the applied pressure is bigger than the osmotic pressure, the 
solvent would flow from the high concentrated solution side to the dilute solution side. And if 
the applied pressure is equal to the osmotic pressure, the process is in equilibrium and no 
transport occurs, (refs. 195, 230). When no solute permeates through the membrane, the 
solvent flux is given by equation (4.6-b), and if a little amount of the solute passes through 
the membrane, then equation (4.6-b) would be as follows 
   pPJ ss   (4.7) 
where  is the reflection coefficient of the membrane toward the permeating solute. The 
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solvent permeability for a given membrane is considered constant and is given by 
lTR
VcD
P ssss    (4.8) 
where Ds is the solvent diffusion coefficient and cs is the solvent concentration. From 
equation (4.6-b), it is noticed that the solvent flux increases linearly when the applied 
pressure increases. In reverse osmosis, the solute flux is determined only by the concentration 
difference across the membrane. The membrane selectivity in the reverse-osmosis process is 
expressed by the rejection coefficient (R). 
The applied pressure in reverse osmosis ranges between 20 to 100 bar. The separation 
principle is the solution-diffusion process. The reverse-osmosis process depends on the 
choice of membrane materials where it has a high affinity toward the solvent and low affinity 
toward the solute, while in microfiltration and ultrafiltration processes, the separation 
depends on the pore size and the chemical resistance. As the solute concentration at the feed 
side increases, the solvent flux deceases at constant feed pressure. The solute retention 
increases by decreasing the solute concentration. The solvent flux at osmotic pressure is 
predicted to be zero, but as the applied pressure increases, the solvent flux increases and the 
solute rejection increases. The solvent flux through reverse osmosis membrane increases as 
the temperature increases, but the solute flux decreases as the temperature increases. 
Most reverse osmosis membranes have asymmetric structure with a thin top dense layer 
supported by a porous sub-layer. Reverse osmosis membranes are compact, which means the 
solvent flux declines even if the membrane is not fouled. The flux through reverse osmosis 
membrane increases as the temperature increases; also, the solute leakage through the 
membrane increases as the temperature increases. The solute rejection by reverse osmosis 
membrane decreases as the temperature increases. On the other hand, the membrane lifetime 
decreases as the process temperature increases. Rejection in reverse osmosis membrane 
increases as the applied pressure increases. See Figure 4-5. 
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Figure 4-5. Effects of operating variables on reverse osmosis membrane, (ref. 271). 
The advantages of reverse osmosis membrane is that it can remove contaminants, viruses, 
bacteria, and other pathogens, it needs a small area, it can be out near the water source and it 
can be automated to reduce operating cost. Reverse osmosis membrane disadvantages are the 
chemical attack, fouling and compaction. Compaction is a result of a creeping and slowing 
flow of polymer causing a decrease in water permeability through the membrane. The 
compaction is equal to the slope of the log flux versus the log time. Chemical attack is a 
result of fouling prevention or cleaning. Fouling in reverse osmosis membrane is caused by 
scaling, silt, bacteria and organic compounds. To avoid membrane fouling in reverse osmosis 
process, a high fluid flow parallel to the membrane surface is maintained. The most common 
salts that cause scale in reverse osmosis membrane are calcium carbonate, calcium sulphate, 
silica complexes, barium sulphate, strontium sulphate and calcium fluoride. Scale in reverse 
osmosis membrane is controlled by acidifying the feed solution and anticline chemicals. Silt 
in reverse osmosis membrane is caused by organic colloids, iron corrosion products, 
precipitated iron hydroxide, algae and fine particles. Slit is reduced by using a filter before 
the reverse osmosis membrane. Bio-fouling is caused by bacteria growth on the reverse 
osmosis membrane surface and is controlled by sterilising such as adding chlorine to the feed 
solution. Organic materials such as oil and grease cause organic fouling of reverse osmosis 
membrane. To reduce organic fouling in reverse osmosis, filtration and carbon adsorption is 
used.   
Reverse osmosis membrane separates multivalent ions better than monovalent ions. 
Dissolved gases permeate very well through reverse osmosis membrane. Acid and base 
rejection depends on the solution pH, where rejection would be high for ionised acid or base 
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and would be low for non-ionised acid or base. Neutral organic solute rejection by reverse 
osmosis membrane increases as the neutral organic solute molecular weight increases. 
Reverse osmosis membrane process is used in purification of water, mainly in the 
desalination of brackish water, in the food processing industry, galvanic, dairy, 
pharmaceutical, chemical and biological industries. 
4.1.4 Pressure retarded osmosis 
Pressure retarded osmosis is derived from the reverse-osmosis process. Pressure retarded 
osmosis membrane is either asymmetric or composite membrane with a pore size less than 2 
nm. The sub-layer thickness is 150 m and the top layer thickness is 1 m. The separation 
principle is the solution-diffusion method and the driving force is the concentration difference 
or the osmotic pressure, (refs. 195). When the applied pressure is higher than the osmotic 
pressure, the solvent flows from the concentrated solution to the diluted solution, and the 
solvent flow can be used to generate electricity by using a turbine; see Figure 4-6. The power 
generated by the pressure retarded osmosis increases as the solution concentration increases. 
The pressure retarded osmosis has several problems, which include the following 
1. The concentration of the concentrated solution decreases because of the osmosis pressure 
process, thus the osmotic pressure decreases. 
2. If the membrane is not perfectly semi-permeable, a solute flux will result, causing the 
solute to flow from the concentrated solution to the dilute solution, thus the osmotic 
pressure decreases. 
3. The formation of concentration polarisation, where the concentration at the membrane 
surface is different from the bulk solution concentration. In this case, the solute 
concentration in the sub-layer causes a decrease in the effective osmotic pressure 
difference.   
 
Figure 4-6. Pressure retarded process, (ref. 195). 
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4.1.5 Piesodialysis 
The driving force in the piesodialysis process is pressure and the separation principle is the 
ion transport. The piesodialysis process separates the ionic solute from the solution where the 
ionic solute permeates through the membrane rather than the solvent. It consists of cation-
exchange and anion-exchange groups. The solute concentration in permeate is higher than 
that in the feed. The salt flux is increased by increasing the ion-exchange capacity of the 
membrane and the driving force is the pressure that is equal up to 100 bar. The piesodialysis 
process is used in salt enrichment. 
4.1.6 Nanofiltration 
See chapter 7. 
4.2 Membrane using concentration difference as a driving force 
There are several processes that use concentration difference as the driving force such as gas 
separation, pervaporation, dialysis, and liquid membrane process, (refs. 195, 230, 244, 267, 
271). These processes can be distinguished according to their structure and functionality to 
synthetic solid membrane as in gas separation, pervaporation and dialysis, and liquid 
membranes. 
4.2.1 Gas separation membrane process 
Gas separation membrane is used in separating gases from each other, where the separation 
depends on the difference between gas solubility and diffusivity in the membrane. The 
performance of the membrane used in gas separation depends on the membrane selective 
layer and the membrane support structure, (refs. 195, 267, 271). The membrane selective 
layer must be thin to minimize the gas flux, and the gas transport through it occurs because of 
solution-diffusion. The membrane support layer must be mechanically strong and does not 
contribute any resistance to the gas flow. Gas separation can be carried in porous and non-
porous members. 
4.2.1.1 Gas separation through porous membranes 
Gas transport through membranes depends on the membrane pore diameter. When the 
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membrane pore diameter ranges between 0.1 to 10 m, the gas permeation through the 
membrane occurs due to convection flow where no separation takes place. No separation 
occurs because of the viscous flow where the mean free path of the gas molecules is small 
relative to the membrane pore diameter. If the membrane pore diameter is less than 0.1 m, 
the gas separation occurs due to diffusion through the membrane. The mean free path of the 
gas would increase by the decrease in the membrane pore diameter, this is known as Knudsen 
flow. The flux is inversely proportional to the gas molecular weight. As a result, when 
separating two gases this means it depends on the square root ratio of their molecular weight, 
which means in general that the separating factors obtained are low. If the membrane pore 
diameter ranges between 5 to 20Å, the gas is separated by molecular sieving. See Figure 4-7.  
 
Figure 4-7. Gas permeation mechanisms through porous membranes, (ref. 267). 
4.2.1.2 Gas separation through nonporous membranes 
Separation of gases in nonporous membranes depends on the gas permeability through the 
membrane, (refs. 195, 230, 244). Separation of gases occurs due to difference in molecular 
size and gas solubility in the membrane. Fick’s law is the simplest description of gas 
diffusion through nonporous membrane, where if the gas solubility is proportional to the gas 
partial pressure and diffusion coefficient is independent of time, position and concentration, 
then Fick’s law can characterise this process. The permeability (refs. 230) is the product of 
diffusion coefficient (D) and solubility coefficient (s) and is given by 
sDP    (4.9) 
The ideal selectivity coefficient for gas separation through nonporous membranes is given by 
the ratio of the permeability coefficients 
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where Γij is the selectivity coefficient, Pi is the permeability of substance (i) and Pj is the 
permeability of substance (j). The ideal membrane selectivity (Γij) is used to measure the 
membrane ability to separate gas (i) from gas (j). The selectivity coefficient is not equal to 
the ideal selectivity factor because of plasticisation at high (partial) pressure. Additionally, 
the selectivity coefficient depends on the permeability ratio across the membrane, where if 
(Pi / Pj) ratio is high then the selectivity coefficient is high and when (Pi / Pj) → 0 then the 
selectivity coefficient decreases. To establish a driving force, either a high pressure is applied 
on the feed side or the pressure at the permeate side is reduced. The permeability coefficient 
(P) depends on the membrane thickness, the membrane area and the driving force. In the case 
where Henry’s law does not apply, the permeability coefficient (P) is not constant and 
depends on the driving force, i.e., the change in pressure changes the permeability coefficient. 
The permeability coefficient is affected by the solubility and the diffusion coefficients. The 
solubility coefficient (s) for gases increases with the increase in the gas molecule size, 
because as the gas molecule size increases, the gas can condense more readily and then the 
gas solubility in the membrane increases. Solubility for gases also increases as the gas 
affinity in the polymer increases. Permeability coefficient is also affected by the gas 
diffusivity. The diffusivity depends on gas molecular size and the membrane polymer. The 
diffusion coefficient increases as the molecular size decreases, which causes the permeability 
coefficient to increase. The diffusion coefficient is inversely proportional to the molecular 
size; this can be proved by thermodynamic diffusion coefficient. In the gas separation 
membrane process, the gas permeate through the membrane when the gas partial pressure at 
the feed side is greater than the partial pressure at the permeate side. 
liloio pnpn    (4.11 -a) 
where po is the feed side pressure, pl is the permeate side feed pressure and ni is the 
composition of the gas material (i). By rearranging equation (4.11-a) gives 

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  (4.11-b) 
where  is the pressure ratio. Equation (4.11-b) expresses the maximum separation that can 
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be achieved by the membrane. The separation cannot exceed the pressure ratio whatever the 
membrane selectivity is, (refs. 230, 271, 329). 
The two types of membranes suitable for the gas separation process are asymmetric and 
composite membranes with an electrometric or glassy polymeric top layer. The driving force 
is the pressure difference. Gas separation using porous membranes is used for hydrogen and 
helium recovery from purge gas streams in ammonia synthesis, petroleum refineries, 
methanol synthesis, removal of (H2S) from natural gas and removal of water, which is known 
as drying of gases.  
 
Figure 4-8. Membrane gas separation process, (ref. 230). 
4.2.2 Pervaporation process 
The pervaporation process is a separation process in which liquid mixtures at the feed side is 
in direct contact with the membrane, and permeates is removed from the outlet side in a 
vapour state. Separation depends on the vapour pressure difference between the feed solution 
and the permeate vapour, where the permeate pressure is lower than the saturation pressure 
which causes the mass flux, (refs. 195, 230, 271, 329). In pervaporation membrane, the liquid 
in the feed is maintained at atmospheric pressure and is removed as vapour from the permeate 
side because of low partial pressure existing in the permeate area. The low partial pressure is 
achieved by a vacuum pump or by employing a carrier gas; see Figure 4-9. 
 
Figure 4-9. Pervaporation process with a vacuum pump and with a carrier gas, (ref. 230). 
The pervaporation process involves three sequence steps: the first step is a selective sorption 
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into the membrane on the feed side; the second step is a selective diffusion through the 
membrane; and the third step is desorption into a vapour phase on the permeate side. In the 
pervaporation process, heat and mass transfer occur and separation is based on the differences 
in solubility and diffusivity. The driving force is the vapour pressure or the activity 
difference. The separating driving force is influenced by the vapour-liquid equilibrium. The 
solution-diffusion mechanism causes the transport, and the selectivity is determined by 
selective sorption and/or selective diffusion. Liquid mixture separation differs from pure 
liquid separation because of the coupling phenomena and the thermodynamic interactions, 
(refs. 195, 329). The permeability coefficient for component (i) and (j) in a mixture of (i and 
j) liquids is given by 
iii sDP    (4.12-a) 
jjj sDP    (4.12-b) 
For component (i) in liquid mixture, the linear flux-force relation is given as 
dx
d
LJ iii

   (4.13) 
where Li is a proportionality or phenomenological coefficient. Substituting the chemical 
potential into equation (4.13) gives the following equation 
dx
dp
p
RTL
J i
vi
i
i
,

   (4.14) 
If an ideal transport is assumed in pervaporation of a pure liquid through a nonporous 
homogeneous polymer membrane, the transport by a solution-diffusion-desorption 
mechanism occurs. In an ideal system, it is assumed that the membrane thickness is uniform 
and the diffusion coefficient is independent of the volume fraction of the liquid inside the 
membrane polymer. The flux is described by integrating equation (4.14), thus the flux will be 
 
l
ppP
J ilioii

   (4.15) 
where pi is the partial pressure of species (i). From equation (4.15), it can be noticed that the 
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flux is proportional to the partial pressure difference across the membrane and inversely 
proportional to the membrane thickness. If the vapour pressure at the permeate side is low, 
the concentration varies over the membrane and the driving force is at its maximum. The flux 
of pure liquid through a membrane and the concentration inside the membrane is the main 
parameter in determining the flux, as in equation 4.16. As the concentration of component (i) 
in the membrane increases, the flux also increases.  
  1exp
1,,
 micii cDJ   (4.16) 
Distinguishing between flow coupling and thermodynamic interaction in a multi-component 
system must be considered. Flow coupling is described by non-equilibrium thermodynamic 
(see non-equilibrium section). The thermodynamic interaction is the leading factor in 
selective transport and is the determining factor in selective transport. In the pervaporation 
process for a liquid mixture, the flux and the selectivity depend on the composition of the 
feed. Assume species (A) to be the permeating species; if the concentration decreases, the 
flux would decrease and the selectivity would increase. Also — but not necessarily true — as 
downstream pressure increases, the selectivity decreases. The concentration polarization in 
the pervaporation process at the liquid membrane interface does not affect the overall transfer 
phenomena. Due to phase change from liquid to vapour, a local temperature drop at the 
membrane interface occurs, thus the permeation flux is affected.  
The membrane used in the pervaporation process must have an open substructure and high 
surface porosity with narrow pore size distribution. The open substructure is used to avoid 
capillary resistance and minimize resistance toward vapour transport. Pervaporation is used to 
separate a small amount of liquid from a liquid mixture, such as removal of water from 
alcohol or other organic solvent and vice versa. Also, pervaporation is used in chemical 
processes industries, food and pharmaceutical industrials.  
4.2.3 Liquid membrane 
Liquid membrane can be used as a separating membrane between two phases; the phases can 
either be liquid or gas. The component transport between phases occurs because of the 
driving force applied on liquid or gas feed phase (phase 1). The driving force through liquid 
membrane in general is the chemical potential gradient. Separation is a result of the 
difference of the solubility and the diffusivity in the liquid film. Liquid membrane contains 
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additives to control the stability, the permeability and the selectivity of the membrane. The 
two basic types of liquid membranes are as follows 
1. Immobilised liquid membrane (ILM) or supported liquid membrane (SLM) where the 
liquid film is immobilised within the pores of a porous membrane where the porous 
membrane only works as a supporting layer for the liquid film; see Figure 4-10-a, (refs. 
159). Immobilised liquid membrane is used for gas separation because the gas diffusion 
through liquids is of order (10
-5
-10
-6
) (cm²/s). The immobilised liquid membrane 
selectivity increases by adding selective chemicals toward specific gases where the 
chemicals absorb the gas. The simplest type of immobilised liquid membrane is a 
membrane with a saturated wettable micro porous material with liquid. Permeation 
through the immobilised liquid membrane involves mechanical properties and polymer 
support. The immobilised liquid membrane can bare pressure up to 20 bars. The 
membrane choice depends on the gas solubility and the liquid volatility. The membrane 
micro-porous support should not be reactive with inlet materials, should have high 
porosity and should have small pore size. The disadvantage of immobilised liquid 
membrane is that some of the liquid can be lost with gasses diffusion. This disadvantage 
can be reduced by gelling the liquid by adding a suitable polymer, filling the membrane 
with a suitable solvent or plasticiser to control the permeation behaviour, or using a 
barrier film on either side of the membrane, (refs. 195, 230, 267).         
2. Emulsion liquid membrane (ELM); see Figure 4-10-b. The emulsion membrane materials 
are transported from the continuous phase to the fixed phase. The feed material reacts 
with the emulsion where it is transported to the outlet side of the membrane, where the 
bond between the permeate material and the emulsion is broken, and the permeate 
material is released and the emulsion retains back to the feed side of the membrane. The 
driving force in the emulsion membrane is the concentration difference across the 
membrane. The membrane selectivity depends on the feed material solubility in the 
membrane. 
 
Figure 4-10. 4-10-a is the immobilised liquid membrane and 4-10-b is emulsion liquid membrane, (ref. 230). 
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The selectivity in the liquid membrane is low, where it depends on the difference in the 
distribution coefficient of components in the feed phase (phase 1) with the liquid membrane. 
If the diffusivity of components with comparable sizes in the feed phase (phase 1) are similar, 
the selectivity will be low. To increase the selectivity, a carrier molecule is added to the 
liquid membrane, thus the transport of specific components is increased, which is called 
―carrier-mediated‖ or ―facilitated‖ transport. The carrier molecule is a reactive material that 
reacts with one of the feed solution components and transports it to the permeate side. The 
choice of the carrier molecule depends on the composition of the feed phase, (refs. 159, 230, 
270). There are different types of transport through the carrier-facilitated membrane — see 
Figure 4-11 — which are as follows 
1. Passive diffusion 
The component diffuses through the membrane due to the concentration gradient. This 
process is slow and non-selective.  
2. Facilitated transport 
The membrane contains a carrier that reacts with one of the feed components, then diffuses to 
the permeate membrane interface. When it reaches the permeate side, the reaction is reversed 
where the transferred component permeates from the membrane and the carrier is re-formed 
and diffuses back to the feed side. 
3. Couple transport 
The membrane contains a carrier that couples with the species in feed and permeate solutions. 
As a result, one component moves against it, which is the concentration gradient, while the 
other component moves with it, which is the concentration gradient direction where its 
concentration gradient value is high, where the carrier couples with component-(1) at the feed 
side and liberates component-(2) to the feed side. Then component-(1)/carrier diffuses to the 
permeate side. At the membrane-permeate interface, the reaction is reversed because of the 
high concentration of component-(2). Component-(1) is released to the permeate and the 
carrier reacts with component-(2) and diffuses back to the feed side to release component-(2) 
and react with component-(1). 
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Figure 4-11. Example of passive diffusion, facilitated transport and coupled transport, (ref. 267). 
The difference in transport between liquid membrane with carrier-mediated and normal liquid 
membrane without carrier-mediated can be noticed in Figure 4-12. 
 
Figure 4-12. The left hand-side is the transport through liquid membrane without carrier-mediated and the right-hand side is the 
transport through liquid membrane with carrier-mediated, (ref. 195). 
In cases where carrier-mediate does not exist, then component (A) transports through the 
liquid membrane by diffusion. In the carrier-mediate case, component (A) transports because 
of its diffusion and the solute-carrier (AC) diffusion. If the carrier-mediated liquid membrane 
is used to separate a component from a liquid mixture, a coupled transport occurs. The basic 
coupled transport is the co-coupled transport where the two components are moving in the 
same direction, and the counter-coupled transport where the two components are moving in 
opposite directions. In the transport mechanism through carrier-mediated (facilitated) liquid 
membrane, at first a complexation between component (A) and carrier at the feed/membrane 
interface occurs. Then the carrier-solute complex diffuses through the membrane. In the final 
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step, a decomplexation of the carrier-solute takes place at the membrane/solute (phase 2) 
interface and free carrier diffuses back to the feed phase (phase 1)/membrane interface. The 
complexation reaction must be reversible so that the transport of solutes will not stop by 
using all carriers and forming carrier-solute complex as in the irreversible reaction. The 
carrier-mediate must be stable in the separation environment; its reaction with the permeating 
material must be reversible and fast, its mobility through the membrane must be high, and the 
carrier-solute mobility through the membrane must also be high. Transport of component (A) 
through the carrier-mediated liquid membrane is affected by the rate of complex formation 
and deformation at the two membrane interfaces and diffusion of the complex through the 
membrane. The total flux of component (A) is the sum of Fickean diffusion and complex 
carrier-solute diffusion, which is given by the following equation 
   lACACACliAAAA cc
l
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J ,0,,0,    (4.17) 
where cA,0 is the concentration of (A) inside the liquid film at the feed/membrane phase 
interface, and it is equal to component (A) solubility in the liquid when equilibrium 
thermodynamics occur at the interface, cA,l is component (A) concentration at the 
membrane/permeate phase interface, DAC is the diffusion coefficient of the complex, cAC,0 is 
the complex concentration at the feed/membrane phase interface and cAC,l is the complex 
concentration at the membrane/permeate phase interface. The first term on the right-hand side 
in equation (4.17) is the diffusion according to Fick’s law, and the second term is the carrier-
mediated diffusion where the flux is proportional to the driving force. In equation (4.17), the 
Fickian diffusion can be the determining transport rate when the concentration of (AC) is 
lower than the concentration of the free component (A) (cA,0 ≫ cAC,0), which means that the 
rate of reaction is lower than the diffusion rate. The complex diffusion can be the determining 
rate of transport when the rate of reaction is fast and the diffusion rate of the complex is 
higher than the diffusion rate of un-complex (A). Concentration polarization occurs in liquid 
membranes, which depends on the flow rate through the membrane and mass transfer 
coefficient of the solutions. Concentration polarisation on the membrane interfaces decreases 
the solute concentration in the membrane interface and consequently inside the membrane, 
(refs. 159). 
The supported liquid membrane (SLM) consists of the support membrane, organic solvent 
and carrier. There are several problems encountered by the supported liquid membrane 
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(SLM), which are explained as follows. The surface and overall porosity of the support 
membrane must be high to obtain high flux. Also, the membrane support layer must be thin 
because the permeating rate (flux) is inversely proportional to the membrane thickness. But if 
the membrane thickness decreases then the rate of reaction will decrease, thus the flux will 
decrease. If organic solvent is used in the supported liquid membrane (SLM), the organic 
solvent must be a solvent for the carrier and carrier-solute complex. The viscosity of the 
organic solvent is important because it is inversely proportional to the diffusion coefficient. 
The carrier and the carrier-solute concentrations increase the solvent viscosity, which could 
cause a problem because the increase in carrier concentration increases the flux, but on the 
other hand, it increases the solution viscosity, hence reducing the diffusion coefficient, which 
will reduce the flux. Another problem is the instability of the supported liquid membrane 
(SLM) with time causing loss of the organic phase. The stability of the supported liquid 
membrane (SLM) can be obtained by gelation of the liquid, which will decrease the diffusion 
coefficient but the membrane will be more stable. Carrier-mediated liquid membranes are 
used in the separation of ions (cations and anions), the removal of gases, the separation of 
organic liquids and the removal of phenol from wastewater. 
4.2.4 Dialysis process 
The solute diffuses from the feed side to the dialysate or permeate side according to the 
concentration gradient. The separation is a result of the difference between the diffusion rates 
of the solutes due to the difference in molecular size. The dialysis membrane is considered a 
nonporous membrane. Transport occurs because of diffusion; to reduce the resistance toward 
diffusion, the membrane is swollen, (refs. 230, 270, 271). The diffusion through dialysis 
process is given by 
l
ckD
J wwws

   (4.18) 
where Dw is the solute diffusion coefficient, kw is the solubility or distribution coefficient and 
∆cw is the solute concentration difference between the feed and permeate. As the solute 
diffuses through the dialysis membrane, an osmotic flow due to osmotic pressure difference 
in the opposite side occurs, which is a counter-current flow. The solute and the solvent flows 
are coupled when concentration polarisation occurs in the dialysis process, thus the mass 
transfer resistance is due to the membrane and boundary layers. The dialysis process 
Chapter 4       Membrane Processes 
87 
 
efficiency depends on the feed and the dialysis flow rates and on the solute rate constant for 
transporting between the feed and the dialysate solutions. The efficiency is given as 
dff cc
M
,
Efficiency



  (4.19) 
where cf,d is the solute dialysate inlet concentration and Ṁ is the mass transfer. Dialysis 
systems must have a maximum membrane area and a minimum volume. When the liquid 
phase at both sides of the membrane contain the same solution without any pressure 
difference and the separation factor is equal to 1, the flux is given as follows 
 ss iiii ccl
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The solute flux in the dialysis process is proportional to the concentration difference and the 
separation is a result of the difference in permeability coefficient Pi. The dialysis process is 
used in artificial kidneys and removal of metabolic wastes from the blood, which is called 
hem filtration. The dialysis process is also used in removal of alcohol from beer and recovery 
of caustic from hemi-cellulose solution. 
4.3 Thermally driven membrane process 
Transport of molecules due to temperature difference could occur, (refs. 230). If two phases 
separated by a membrane have different temperatures, heat will transport from a high 
temperature phase to a low temperature phase, which is known as heat flux, and when it is 
occupied with mass flux the process is called thermo-osmosis or thermo-diffusion. In thermo-
osmosis (thermo-diffusion) process, porous and non-porous membranes can be used. The 
membranes act as a barrier and separation is a result of temperature difference where volume 
flux occurs from high temperature phase to low temperature phase until equilibrium is 
reached. Distillation is another form of a thermally driven process where two liquid phases 
are separated by a membrane. The difference between the membrane distillation and the 
thermo-osmosis that the membrane affects the separation performance in the distillation 
process, while in thermo-osmosis it is just a barrier, and the selectivity depends on the 
vapour-liquid equilibrium. 
If the two phases have different temperatures, then the vapour pressures of the two phases are 
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different, causing vapour molecules to transport from the high temperature phase to the low 
temperature phase. Then the transported molecules will condensate in the low temperature 
phase. The used membrane must be hydrophobic (not wetted by liquid or solution) to avoid 
filling the pores with the solution. The membrane only acts as a separating barrier and the 
selectivity depends on the vapour-liquid equilibrium. The flux is proportional to the 
temperature difference, which is the driving force. The flux can be written as 
ii pBJ  .     (4.21) 
where ∆pi is the driving force and depends on the temperature difference and B is the constant 
related to the minimum local free volume necessary to allow displacement. The 
proportionality factor (B) depends on the membrane properties such as its thickness, pore 
structure and porosity. The angle contact between the membrane and the solution determines 
if the membrane is wetted or not. The membrane wettability depends on the pore size, the 
liquid surface tension and the contact angle between the liquid and the membrane surface. As 
the pore size decreases, the pressure difference needed to wet the membrane increases. When 
the contact angle between the membrane surface and the liquid is bigger than 90°, the liquid 
will not wet the membrane, and if the contact angle between the membrane surface and the 
liquid is less than 90°, the liquid will wet the membrane. As the liquid concentration 
increases, the surface tension decreases and the pressure difference needed to wet the 
membrane decreases. Then to avoid wetting the membrane, the liquid surface tension must be 
high, the membrane surface energy low, small pore size and the contact angle () bigger than 
90°, and the membrane must be hydrophobic. Since the flux proportionality factor (B) 
depends on the membrane porosity, where as the porosity increases the flux increases, then 
the membrane wettability increases, thus the membrane maximum pore size must be near the 
average size. The thermally driven membrane process is used to produce pure water such as 
seawater desalination, boiler feed water and concentrating aqueous solutions. 
4.4 Electrically driven membrane processes 
Electrically driven membrane uses the electrical potential as the driving force, and only the 
charged molecules are affected by the driving force, and as a result uncharged molecules can 
be separated from charged ones. Ion-exchange membrane has a charge attached to the 
polymer backbone of the membrane material. Two types of ion-exchange membranes exist: 
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the first is cation-exchange membrane, where cations pass through it, and the second is anion-
exchange membrane, where only anions pass through it. Membranes used in the ion-
exchange process must have low electrical resistance and good ion selectivity. Ion-exchange 
membrane thickness ranges from 100–500 m. When the ion-exchange membrane is 
immersed in aqueous solution, the membrane swells the solvent, causing the membrane to 
depend on the ionised groups in the matrix concentration and on the hydrophobic-hydrophilic 
balance of the polymer material. A complete dissolution of the membrane would occur if the 
density of the ionic group in the solution was large and the membrane was hydrophilic. To 
avoid membrane dissolution a cross-linking chemical is added to the membrane during 
manufacturing.  
Ion-exchange membranes are either nonporous homogenous or nonporous heterogeneous. 
The heterogeneous membrane has high electrical resistance and low mechanical strength. The 
fixed charge of a homogenous membrane is uniformly distributed, while the fixed charge of a 
heterogeneous membrane is contained in a small domain and distributed through an inert 
support matrix. Ion-exchange membranes use electrical potential gradients and concentration 
gradients as the driving forces. In the ion-exchange membrane, it’s easier to describe the 
amount of charge transported by the membrane rather than the amount of transported 
material. The ion-exchange membrane is used in the separation of amino acids, production of 
chlorine, caustic soda, sulphuric acid and desalination of water. In neutral membranes, the 
driving force for ion transport is the concentration difference but in charged membranes or 
ion-exchange membranes, the driving force is the concentration difference and is affected by 
the presence of the fixed charge, (refs. ). 
The fixed charge theory can be used to describe ionic transport through the ion-exchange 
membrane or charged membrane, (refs. 7, 195, 220, 230, 267). The fixed charge theory is 
based on two principles: the Nernst-Planck equation and Donnan equilibrium. The fixed 
charge theory assumes that thermodynamic equilibrium exists across the interface between 
the solution and the membrane. If the ion-exchange membrane is used to separate ions from 
ionic solution, the ions in the solution with the same charges of the fixed charge of the 
membrane cannot pass through the membrane, which is known as the Donnan effect. The 
Donnan theory shows that the counter-ions of higher valence are more concentrated in the 
membrane than in the solution and this effect is higher in dilute solutions than in concentrated 
solutions. In the Donnan theory, equilibrium thermodynamics is used to calculate the 
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chemical potential of ionic components in the two phases under a conditional state that the 
ionic solution is in equilibrium with an ionic membrane. Since the Donnan theory occurs 
under equilibrium thermodynamics, and at equilibrium the electrochemical potentials in both 
phases are equal, then the Donnan potential can be given as follow 
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where Edon is the Donnan potential. The Donnan potential gives the potential build-up at the 
membrane-solution interface, (refs. 7, 195). The ionic distribution determines the transport of 
the charged molecules. For example, if the solution contains anion (-) ions and cation (+) ions 
and the membrane has a fixed charge, at equilibrium, the following equation will be gained 
        ii
m
i
m
i
cccc .   (4.23) 
where the left-hand side is the membrane phase and the right-hand side is the solution phase. 
If electrical neutrality is assumed, then 
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For an ideal system equation (4.23) becomes as follows 
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This is the Donnan equilibrium for the charged solutes and the membrane. But for non-ideal 
systems, the activity coefficient for cation and anion are added, which gives 
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If it is assumed that two forces act on the ionic solutes, which are the concentration difference 
and the electrical potential difference, then the transport of ions is described by Fickian 
diffusion and ionic conductance, (refs. 7, 230). This is known as the Nernst-Planck equation 
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The overall transport rate involves membrane thickness and membrane area, and for this the 
concentration must be expressed in molar scale. When an electrical current passes through an 
ion-exchange membrane, a substantial electro-osmotic transfer of the solvent occurs. 
Coupling occurs between the ions and the solvent flowing through the membrane, and high 
frictional forces by the ions results because the ions interact with the surrounding solvent 
molecules; as a result, the solvent motion due to osmosis or electro-osmosis affects the 
frictional forces.  
An example of electrically driven membranes is the electro-dialysis process. In the electro-
dialysis process, all ions are separated from uncharged solutes, water and macro-solutes. The 
electro-dialysis membrane is used in removing salts from brackish water, concentrating 
seawater and deashing whey. The electro-dialysis membrane is a swollen gel containing 
polymer with a fixed ionic charge. When the electro-dialysis membrane has a high perm-
selectivity, it must have a low electrical resistance, must be physically and chemically stable, 
must be mechanically strong, should not swell or shrink if the ionic strength changes, and 
should not deform under thermal stress. The perm-selectivity is the ratio of the transport of 
electrical charge of a specific ion to the total transport of the electrons through the membrane. 
The electro-dialysis membrane has cation-exchange and anion-exchange membranes, where 
the charged membranes of anion-exchange and cation-exchange are placed in an alternating 
pattern, i.e., one anion-exchange membrane followed by cation-exchange, see Figure 4-13,  
where each anion-exchange and cation-exchange forms a compartment (cell pair). The basic 
block for the cation-exchange membrane is the polystyrene copolymerised with 
divinylbenzene and then suffocated. It is stable and highly ionised over most pH ranges. The 
major charged group in the anion-exchange membrane is quaternary amines. When the 
solution passes through electro-dialysis, the anions move toward the anode, and the cations 
move toward the cathode. The cations pass through the negative charged membrane and the 
anions pass through positive charged membrane. As a result, one pair cell would be enriched 
by ions; on the other hand, the adjacent cell would be depleted from ions.  
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Figure 4-13. Electro-dialysis membrane, (ref. 271). 
The electro-dialysis membrane performance is controlled by the ion transport through the 
diluted cell, where the ion concentration in this cell is low to transport the current; as a result, 
it limits the current and the ion flux through the membrane. Another factor affecting the 
membrane performance is the applied voltage across the membrane. As the applied voltage 
across the membrane increases, the ion flux through the membrane increases, thus the 
permeating ion concentration near the membrane surface decreases. When the ion 
concentration at the membrane surface reaches zero, the current through the membrane is 
called the limiting current density, and the ion transport flux through the boundary layer 
reaches its maximum value. When the limiting current density is reached, any increase in the 
applied voltage would not increase the ion transport. The extra applied voltage causes side 
reaction such as water dissociation.  
If a single cationic membrane is considered as in figure 4-14, the ion gradient on the dilute 
side of the membrane is described by Fick’s law, (refs. 7, 230, 267). The diffusion rate of 
cations to the membrane surface is given by 
 


  ob
cc
DJ   (4.27) 
where D
+
 is the diffusion coefficient of the cation in solution, cb
+
 is the cation concentration 
in the bulk solution, co
+
 is the cation concentration in the dilute solution adjacent to the 
membrane surface and  is the boundary layer thickness.  
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Figure 4-14. Concentration gradient adjacent to cationic membrane in electro-dialysis membrane, (ref. 267). 
The total cation flux toward the membrane is the sum of the diffusion rate and electrolyte 
transport rate, which is given as 
 
F
Itcc
DJ ob

 



  (4.28) 
where t
+
 is the cation transport number and I is the current. Transport through the membrane 
is the sum of the diffusion transport due to the concentration difference on each membrane 
side and due to the voltage difference, which is given by 
 
F
It
l
cc
PJ mlb

 

    (4.29) 
where P
+
 is the cation permeability through the membrane, tm
+
 is the membrane transport 
number for cations, ci
+
 is the cation concentration in the concentrate solution and l is the 
membrane thickness. By combining equations (4.28) and (4.29) and assuming that the 
concentration gradient is small compared to the voltage gradient in equation (4.29) gives 
 
F
It
F
Itcc
D mob

 


  (4.30) 
When the ion concentration at the membrane surface reaches zero, the current is known as the 
limiting current for cation membrane. The limiting current is the maximum applied current. 
When the maximum current is exceeded, the undesirable processes occur such as water 
dissociation and anion transport through the cation membrane. As a result, the membrane 
efficiency decreases.  
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There are two types of electro-dialysis, which are unidirectional and reversal electro-dialysis. 
The unidirectional operation keeps the electrode polarity and ion movement in constant 
direction. The polarity in the electrodes in the reversal electro-dialysis is reversed, thus the 
compartments in the membrane are also reversed where dilute compartments become 
concentrated and vice versa. The reversing electro-dialysis reduces fouling and scaling, the 
amount of additives in the feed, which are used to reduce fouling and scaling in the feed, and 
the frequency of cleaning requirements. If no direct current is applied to the membranes, no 
ion separation occurs and the solution would pass through the membranes without any 
changes. Also, since a membrane of different charges are arranged to alternate, the 
concentration of the ions would increase and decrease alternating, thus dilute solution allows 
ion concentration and concentrated solution (high ion concentration) would vary in 
alternating. The applied current density has a limit that is equal to the amount of current 
necessary to transfer all the ions and it must not be exceeded because it could dissociate 
water. The limiting current density (i) is given by 
)(
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bLm
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  (4.31) 
where cb is the bulk concentration and cm is the concentration at the membrane interface and 
 is the membrane thickness. In general, the membranes used in electro-dialysis must have a 
high selectivity, be a good conductor, and have high mechanical strength, thus a moderate 
degree of swelling. 
4.5 Summary 
The membrane processes can be separated into different groups according to their driving 
force across the effective layer, where the driving force can be pressure difference, 
concentration difference, temperature difference or electrical potential difference. The 
pressure-driven membrane uses the applied pressure as a driving force such as 
microfiltration, ultrafiltration, nanofiltration and reverse osmosis. The difference between 
microfiltration, ultrafiltration, nanofiltration and reverse osmosis is the separated solute size 
and the membrane pore size. The membrane processes that use concentration difference as 
the driving force include gas separation, pervaporation, dialysis, and liquid membrane 
process. The separation depends on the difference between the solutes solubility and 
diffusivity in the membrane. Thermally driven membrane processes use the heat flux as the 
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driving force across the membrane, such as thermo-osmosis process and membrane 
distillation process. The heat flux across the membrane is coupled with mass flux; as a result, 
separation occurs. Electrically driven membrane uses the electrical potential as the driving 
force, and only the charged molecules are affected by the driving force. In this work, 
nanofiltration membrane was the used which is considered as a pressure driven membrane. 
On the other hand, the separation process due to the electrical potential should be considered 
because nanofiltration membrane is considered a charged membrane. Thus, the rejection of 
the solutes by nanofiltration membrane is due to the pressure force and the electrical potential 
force. For more details, see chapters 7, 8 and 9.    
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Chapter 5 Separation models (theoretical analysis of the transport in membranes)  
Membrane process is concerned with the exchange of matter or energy between two 
environments that are separated by the membrane or between the membrane and the 
environment in which it is immersed, (refs. 120). The separation process does not take place 
spontaneously and work must be done on the overall system to increase the free energy. The 
free energy needed to drive the separation process is increased by applying pressure on the 
feed side and doing mechanical work on the system through the diminishing volume of the 
feed. The transport of any matter through the membrane is influenced by other substances in 
the solution and the motion of these substances. A molecule is transported through the 
membrane because of the force acting on it. The force is determined by the gradient potential 
across the membrane thickness. In the membrane separation process, there are two important 
potentials, which are the chemical () and the electrochemical (F) potentials.  
5.1 Driving forces 
Transport across a membrane occurs because of driving force acting on the individual 
components in the system. The driving forces in the membrane are a result of a difference in 
pressure, concentration, temperature or electrical charges, (refs. 162, 195, 267). These 
parameters can be divided into two parameters, which are the chemical potential and 
electrochemical potential. Electrical potential arises when ions are found in the solution and 
only affects the charged particles or molecules. In the transport between different phases, the 
flux is carried by a large solute concentration moving under a small thermodynamic force. 
The driving forces are the chemical and the electrochemical potential gradients, but most of 
the transport processes occur because of the difference between the chemical potentials. The 
general chemical and electrochemical potentials of component (i) are given as 
        dFzdpVdRTcdRTd iiiii 
~
lnln   (5.1) 
where μi is the chemical potential of component (i), ci is the concentration of component (i), 
γi is the activity coefficient, F is Faraday’s number, zi is the valence of species (i) including 
the charge,  is the electrical potential,  i is the partial molar volume of species (i), and R is 
the gas constant. For example, for a steady state process, the flux is constant and the local 
driving force is the chemical potential gradient for each component that is transported. Then 
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this method is called the solution-diffusion model, where the membrane is considered to be 
an active thermodynamic component and is included in Gibbs-Duham equation for the 
membrane phase, (refs. 195, 220). For the isothermal process, where the temperature is 
constant and only the pressure and the concentration would affect the chemical potential, and 
if the concentration is expressed in terms of activity (a), the chemical potential equation will 
be given as follows 
  pVaRT ii
o
ii  ln   (5.2) 
where ai is the activities of ionic species (i) in the membrane, Vi is the molar volume of 
species (i) and  i˚ is the standard chemical potential and it is constant. The concentration in 
equation (5.2) is given as an activity in order to express the non-ideal saturation vapour 
pressure. The isothermal gradient of the chemical potential between two phases of single 
liquid can be created only by a pressure difference. Since the chemical potential is increased 
by the pressure difference, the pressure at the outlet side can be reduced, thus pressure 
difference occurs. Also in a membrane, the plasticizing effect of the absorbed liquid on the 
diffusion must be considered. As mentioned before, the driving force is the potential gradient 
and the average driving force is the potential difference across the membrane. If the driving 
force is considered to be the chemical and the electrochemical potential gradients, then the 
average driving force is as follows 
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where l is the membrane thickness. When comparing the driving forces they must be 
dimensionless. When comparing the concentration, the electrical and the pressure potentials, 
it could be concluded that the electrical potential is a very strong driving force in comparison 
with pressure driving force, (refs. 7, 195, 220, 230). The concentration potential is often equal 
to unity and the pressure driving force depends on the kind of components involved. 
Diffusion is the most varied process in the membrane process. The parameters that 
characterise the membrane transport process, with respect to trans-membrane pressure, 
convective and diffusion transports of neutral solute and solution, are the hydraulic 
permeability, the diffusive permeability and the reflection coefficients. The hydraulic 
permeability is a measure of the ability to transport fluid volume under the action of a 
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pressure difference across the membrane. The hydraulic permeability (the permeability 
coefficient) is given by 
p
J
L vp

    (5.4) 
This definition applies when the solute is absent (but when the solute is present, the 
membrane is freely permeable to the solute). When there is a difference in the solute 
composition at both sides of the membrane and the membrane is not freely permeable to the 
solute, the flux is affected by the osmotic pressure difference across the membrane. Then the 
volumetric flux is given by 
  idpv pLJ    (5.5) 
where Jv is the volumetric flux, σd is the Staverman osmotic reflection coefficient for the 
solute, and Δ i is the difference between the osmotic pressures in the external solutions at 
the membrane for species (i). The diffusion permeability characterises the transmissibility of 
the membrane for the solute when the volumetric flux is equal to zero. When the volumetric 
flux is equal to zero, this means that the pressure difference on the membrane boundaries and 
the Staverman osmotic reflection coefficient for the solute are equal to zero, and the 
membrane is freely permeable to the solute. 
5.2 Permeation through membrane  
Permeation through the membrane is described by two models, which are the solution-
diffusion model and the pore flow model. The solution diffusion model is when a solute 
dissolves in the membrane then diffuses through the membrane down the concentration 
gradient. As a result, the separation of a solute depends on the solute solubility in the 
membrane and the solute diffusion rate through the membrane. In the pore model, the solute 
is transported through the membrane by a pressure-driven convective flow where part of the 
solute passes through the membrane pores while others do not, (refs. 27, 220, 267).  
In the solution diffusion model, diffusion is defined as the transport of a solute because of its 
concentration gradient. For example, if a solution is separated by a membrane and the solute 
concentration at each side of the membrane is different, then the solute would move from the 
Chapter 5  Separation Models 
99 
 
high concentration side to the low concentration side of the membrane. This is described by 
Fick’s law of diffusion 
dx
dc
DJ ii     (5.6) 
where Ji is the mass flux of component (i), dci/dx 
is the concentration gradient of component 
(i) and Di is the diffusion coefficient of component (i). In the pore flow model, the solute 
flow is described by the pressure-driven convective flow. This can be described by Darcy’s 
law 
dx
dp
cKJ ii     (5.7) 
where dp/dx is the pressure gradient in the porous medium, ci is the concentration of 
component (i) in the membrane and Kʹ is the coefficient reflecting the membrane nature. 
5.2.1 Solution-diffusion model 
Solution-diffusion occurs in nanofiltration, reverse osmosis, pervaporation, and gas 
permeation membranes. Temperature, pressure and fluid composition on the membrane-feed 
interface determines the concentration of the diffusing components through the membrane 
surface, (refs. 27). From thermodynamics, the overall driving force that permeates the solute 
through the membrane is the chemical potential gradient. The flux of component (i) is given 
as follows 
dx
d
LJ iii

    (5.8) 
where Li is the proportionality coefficient of component (i) and μi is the chemical potential 
gradient of component (i). The chemical potential gradient is used as the general driving 
force because there are different kinds of driving forces. Driving forces can be concentration 
gradient, pressure gradient, temperature gradient and electrical gradients, (refs. 220, 258, 
267). For example, the reverse-osmosis process involves pressure and concentration gradients 
as the driving forces. The chemical potential for reverse osmosis is written as 
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    dpndRTd iiii   ln    (5.9) 
where ni is the molar fraction of component (i) (mol/mol), γi is the activity coefficient 
(mol/mol), p is the pressure and υ i is the molar volume of component (i). Integrating 
equation (5.9) for incompressible phase, where the volume does not change with pressure, 
with respect to concentration and pressure become as follows 
   oiiiioii ppnRT   ln   (5.10) 
where μi
o
 is the chemical potential of pure component (i) at reference pressure and pi
o
 is the 
reference pressure of component (i). Integrating equation (5.9) for compressible phase such 
as gases, it becomes 
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Solutes at each side of the membrane are in equilibrium with the solutes at the interface, 
which is the general assumption in the solution-diffusion model. As a result of the general 
assumption, the chemical potential through the membrane is continuous. Another assumption 
is that the pressure is uniform in the membrane and the chemical potential gradient across the 
membrane is expressed as the concentration gradient. If the pressure within the membrane is 
assumed to be constant and has a high value, then by combing equations (5.8) and (5.9) at a 
constant activity coefficient (γi), and sbstituting concentration terms instead of the mole 
fraction term, gives the following equation 
dx
dc
c
LTR
J i
i
i
i     (5.12) 
From Fick’s law (equation (5.6)), the diffusion coefficient is given as  
i
i
i
c
LTR
D     (5.13) 
Integrating Fick’s law over the membrane thickness gives  
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   (5.14) 
where ci,o,(m) is the concentration of component (i) at the membrane-feed interface and ci,p,(m) 
is the concentration of component (i) at the membrane-permeate interface. When there is no 
pressure gradient in the membrane, even though concentration and pressure values at both 
sides of the membrane are different, the process can be expressed by Fick’s law. Examples of 
membrane processes where the solution-diffusion model is applied are as follows 
5.2.1.1 Dialysis membrane 
The solution-diffusion model applies for the dialysis membrane. The only driving force is the 
concentration gradient. By assuming that the solutes in the feed and the permeate are in 
equilibrium with the solutes at the membrane adjacent surface, then the chemical potential at 
the feed-membrane interface is assumed to be equal. Applying the above condition on 
equation (5.10) and replacing the reference pressure (pi
o
) with the vapour saturation pressure 
(pi,sat) gives the following 
          satioimoimoioisatioioiLoioi ppnRTppnRT ,,,,,,,, lnln   (5.15) 
where ni,o is the molar fraction of component (i) in the feed solution, ni,o,(m) is the molar 
fraction of component (i) at the feed-membrane interface, γLi,o is the activity coefficient of 
the feed solution in the liquid phase, γi,o,(m) is the activity coefficient at the feed-membrane 
interface, po is the pressure at the feed solution side and pi,sat is the saturation pressure of 
component (i). Rearranging equation (5.15) and substituting the concentration terms instead 
of the mole fraction term, gives  
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where ci,o is the concentration of component (i) in the feed solution, ci,o,(m) is the 
concentration of component (i) at the membrane-feed solution and K
L
i is the sorption 
coefficient of component (i) in the liquid phase. The same procedure is applied for the 
permeate-membrane side, which gives the following 
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  pi
L
impi cKc ,,,      (5.17) 
where ci,p is the concentration of component (i) in the permeate solution and ci,p,(m) is the 
concentration of component (i) at the permeate-feed solution. Substituting equations (5.16) 
and (5.17) into equation (5.6) gives the following 
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where P
L
i is the permeability coefficient in the liquid phase and l is the membrane thickness. 
5.2.1.2 Reverse osmosis membrane 
If a solution is separated from a pure solvent by a membrane, then the pure solvent would 
move from the pure solvent region to the solution region, which is known as the normal 
osmosis process. When a pressure is applied at the solution region then the pure solvent flow 
would decrease, and the pure solvent flow would stop when the applied pressure reaches the 
osmotic pressure. If the applied pressure is higher than the osmotic pressure, then the pure 
solvent flow direction would change. The solvent would move from the high concentrated 
solution side to the pure solvent side. This is known as the reverse-osmosis process, (refs. 
195, 220, 230, 267, 271). At the feed-membrane interface, the chemical potential and the 
pressure are equal. Following the same procedure as in the dialysis process results in 
  oi
L
imoi cKc ,,,   (5.19) 
At the membrane-permeate interface, the chemical potentials are equal and by substituting 
equation (5.10) into this condition and replacing the reference pressure (pi˚) with the vapour 
saturation pressure (pi,sat)  and rearrange it gives the following 
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where po is the pressure at the feed solution side and pl is the pressure at the permeate side. 
Substituting the concentration terms instead of the mole fraction term into equation (5.20) 
gives  
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Substituting equations (5.19) and (5.20) into Fick’s law gives the following equation 
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For a solute, equation (5.22) can be written as follows 
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When the term (-υj(  -pl)/RT) is small, then the exponential term is equal to 1; as a result, 
equation (5.23) become as 
 pjoj
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The solute concentration flux is independent on the pressure as indicated in equation (5.24). 
But for the solvent, the flux remains small when the applied pressure is smaller than the 
osmotic pressure. And when the applied pressure is higher than the osmotic pressure, the 
solvent flux increases as the applied pressure increases. The rejection coefficient (R) for the 
membrane is given as 
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where cj,o is the solute concentration in the feed solution and cj,p is the solute concentration in 
permeate.  
5.2.1.3 Gas separation membrane 
In the gas-separation process, (refs. 159, 195, 230, 267, 271), the applied pressure at the feed 
side (po) is higher than the pressure at the permeate pressure side (pl). At the feed-membrane 
interface, assuming that the solutes in the feed are in equilibrium with the solutes at the 
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membrane adjacent surface, then the chemical potential at the feed-membrane interface is 
assumed to be equal, and replacing the reference pressure (pi
o
) with the vapour saturation 
pressure (pi,sat) gives the following 
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The exponential part is considered to be equal to 1 even at high pressures, and substituting 
the concentration terms instead of the mole fraction term, gives 
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Equation (5.27) can be rewritten by introducing the gas phase sorption coefficient (K
G
i), then 
it becomes as follows 
  oi
G
imoi pKc ,,,    (5.28) 
The same procedure is followed for the membrane-permeate interface, which gives the 
following equation 
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Substituting equations (5.28) and (5.29) into the integrated Fick’s law gives the following 
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5.2.1.4 Pervaporation membrane 
The pervaporation membrane is used to separate multi-component liquids, where the 
permeating components are removed as a vapour on the permeate side, (refs. 267, 271). The 
vapour pressure at the permeate side is kept lower than the feed side of the membrane. At the 
feed-membrane interface, the chemical potentials are assumed to be equal at the same 
pressure, and by applying such condition it gives 
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where K
L
i is the liquid-phase sorption coefficient. At the membrane-permeate gas interface, 
the chemical potentials are in equilibrium, and by applying this condition it gives 
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The exponential term in equation (5.32) is assumed to be equal to 1, substituting the 
concentration terms instead of the mole fraction term and replacing the (ni,l pl) term with the 
partial pressure (pi,l), gives 
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Integrating Fick’s law and substitute equations (5.31) and (5.33) into it, gives the following 
equation 
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If it assumed that the permeate vapour is in equilibrium with the feed solution, then the liquid 
phase sorption coefficient (K
L
i) and the gas phase sorption coefficient (K
G
i) have the same 
relationship toward each other, and by applying the vapour-liquid equilibrium and  
substituting the concentration terms instead of the mole fraction term, gives 
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Substituting equation (5.35) into equation (5.34) gives the following equation 
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where pi is the partial vapour pressure.  
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5.2.2 Pore flow membrane model 
Separation mechanisms include molecular sieving, adsorption of particles by the membrane 
interior and by using both molecular sieving and adsorption. Membrane using pore-flow as a 
separation mechanism can be characterised by the membrane porosity (), the membrane 
tortuosity () and the membrane pore diameter (d) , (refs. 267). The membrane porosity () is 
defined as the fraction of the total porous membrane volume. The membrane porosity () can 
be measured by weighing the membrane before and after filling the membrane pores with 
liquid. The membrane tortuosity () is defined as the average pore compared to the membrane 
thickness; see Figure 5-1. The pore flow model describes the transport of the permeating 
solute in a micro-porous membrane such as microfiltration and ultrafiltration membranes. 
 
Figure 5-1. The membrane is characterised by the membrane porosity (), the membrane tortuosity () and the membrane pore 
diameter (d), (ref. 267). 
Separation in the micro-porous membrane takes place either at the surface of the membrane 
or inside the membrane. The membrane surface pore diameter is smaller than the solute 
diameter, thus the solute is captured at the membrane surface.  On the other hand, when very 
small solutes pass through the membrane surface and are not captured by the interior of the 
membrane, this is known as the screen filter method. This kind of membrane structure 
consists of micro-porous thin surface layer supported by open micro-porous media. Inside the 
membrane, the average pore diameter is often ten times larger than the smallest permeating 
solutes, which prevent the solutes from permeating through the membrane, which is known 
as the depth filter method. See Figure 5-2. 
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Figure 5-2. a. Depth filter, b. Screen filter, (ref. 162). 
5.2.2.1 Screen filter 
The membrane pores are assumed to be equal to circular capillaries with a large radius, which 
allows the solvent to pass through it, (refs. 267). If the parabolic velocity profile of the fluid 
passing through the membrane pore is included, then the effective fractional pore for the 
solute is given as 
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where A is the membrane pore area which allows the solute to permeate through it, Ao is the 
pore area where the solvent passes through it, a is the solute radius and r is the pore radius. 
Where the ratio between the membrane pore area (A), which allows the solute to permeate 
through it, to the pore area (Ao), which allows the solvent to pass through it, is given as  
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where cp is the solute concentration in the permeate and cf is the solute concentration in the 
feed. Then the membrane rejection can be written as 
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5.2.2.2 Depth filter    
The solutes are separated by sieving mechanisms and adsorption on the membrane interior 
surface. The adsorption mechanism consists of inertial capture, Brownian diffusion and 
electrostatic adsorption. The inertial capture occurs for large diameter solutes where the 
solutes are captured when they impact the membrane pore wall. The Brownian diffusion 
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occurs for small solutes, (refs. 267). Small solutes are subjected to Brownian motion because 
of their small size; therefore, the solutes are absorbed by the membrane surface. The 
electrostatic adsorption causes the charged solutes to be absorbed by the membrane surface 
charged group. See Figure 5-3.   
 
Figure 5-3. Depth filtration mechanism for separating particles, (ref. 267). 
5.3 Membranes thermodynamics 
Equilibrium thermodynamics cannot be used to describe transport though the membrane thus 
non-equilibrium thermodynamics is used, (refs. 195). When irreversible thermodynamics is 
used, the membrane is considered a black box and no information is required about the 
membrane structure. Coupling of forces and/or fluxes can be described by irreversible 
thermodynamics. In an irreversible process, entropy is produced when a constant driving 
force is maintained and free energy is provided. Entropy in the irreversible process can be 
given by the dissipation function () as follows 
 ii XJ
dt
dS
T    (5.40) 
where S is the entropy, T is the temperature and Xi is the force. Equation (5.40) shows the 
transport of mass, heat and electrical current through the membrane. If one component (1) 
exists where the driving force is the chemical potential gradient then the phenomenological 
equation can be written as 
Chapter 5  Separation Models 
109 
 
dx
d
LXLJ 11111
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    (5.41) 
And if two components (1 and 2) exist and the driving force is the chemical potential 
gradient, the phenomenological equation for both components 1 and 2 can be written as 
dx
d
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The first term on the right-hand side of equation (5.42-a) is the flux of component (1) under 
its gradient and the second term on the right-hand side is the flux of component (1) under 
component (2) gradient. The first term on the right-hand side of equation (5.42-b) is the flux 
of component (2) under component (1) gradient and the second term on the right-hand side is 
the flux of component (2) under its gradient. If the flux of component (1) increases the flux of 
component (2), a net positive flux results and thus the selectivity decreases.  
A system composed of a solvent and a solute can be characterised by the solvent permeability 
(Ps) and the solute permeability (Pw) and the reflection coefficient (). If the dissipation 
function in a dilute system is the sum of the solute and the solvent flow multiplied by their 
driving forces, the dissipation function would be given as follows 
ssww JJ      (5.43) 
where Δμs is the solvent chemical potential difference, and Δμw is the solute chemical 
potential difference. The solvent chemical potential difference (Δμs) between phase (2) (the 
permeate side) and phase (1) (the feed side) is given as follows 
   pVss    (5.44) 
where Vs is the solvent molar volume and p is the pressure difference. The chemical 
potential difference for the solute (Δμw) is given as follows 
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where Vw is the solute molar volume and c  w is the mean logarithmic concentration. 
Substituting equations (5.44) and (5.45) into equation (5.43), the dissipation function would 
be written as 
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(5.46) 
The first term on the right-hand side is the total volume flux (Jv), and the second term on the 
right-hand side is the flux difference (Jd). The phenomenological equations (5.42-a) and 
(5.42-b) for the total volume flux (Jv) and the flux difference (Jd) for the solute and the 
solvent can be given as follows 
 1211 LpLJ v   (5.47-a) 
 2221 LpLJ d    (5.47-b) 
If the pressure difference is equal to zero, there is still a volume flux according to equation 
(5.51-a). And even if the solute concentration at both sides of the membrane are equal, there 
is still a flux but only if the pressure is not equal to zero according to equation (5.47-b). When 
the osmotic pressure difference is equal to zero, then equation (5.47-a) becomes 
p
v
v L
p
J
LpLJ 

 1111     (5.48) 
where L11 is the hydrodynamic permeability or the solvent permeability coefficient, and is 
referred to as Lp. And when the pressure difference is equal to zero, equation (5.47-b) 
becomes 


 
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 dd
J
LLJ 2222
   
(5.49) 
where L22 is the osmotic permeability or the solute permeability coefficient and is referred to 
as . If the total volumetric flux (Jv) does not exist or is equal to zero, then equation (5.47-a) 
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becomes as follows 
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(5.50) 
If the hydrodynamic pressure difference (p) is equal to the osmotic pressure difference (), 
then (L11) is equal to (L12), which means that the solute is not permeating across the 
membrane and is considered semi-permeable, but since the membrane is not semi-permeable 
then the ratio of (L12) to (L11) is given as 
11
12
L
L
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(5.51) 
where  is the reflection coefficient and it is less than unity. The reflection coefficient is a 
measure of the membrane selectivity and its values range between 0 and 1. If the reflection 
coefficient value is equal to zero, the membrane is not selective, and as a result, both the 
solute and the solvent pass through the membrane. And if the reflection coefficient is equal to 
1, the membrane is ideal and no solute permeates through the membrane. And if the 
reflection coefficient value is less than 1, the membrane is semi-permeable and some of the 
solute permeates through it. Substitute equations (5.48), (5.49) and (5.51) into equations 
(5.47-a) and (5.47-b) gives      
   pLJ pv   (5.52-a) 
    vww JcJ 1   (5.52-b) 
Equations (5.52-a) and (5.52-b) indicates that the characterising parameters of the membrane 
properties with respect to convective and diffusive transport of neutral solute and solvent are 
the solvent permeability coefficient (Lp), the solute permeability () and the reflection 
coefficient (). From equations (5.52-a) and (5.52-b), it can be noticed that if the solute is not 
completely retained, the reflection coefficient is less than 1 and the osmotic pressure is equal 
to (σ∗∆π). And if the membrane is permeable, where the solute and the solvent permeate 
through the membrane, then the reflection coefficient is equal to zero and no osmotic 
pressure exists. The solvent permeability coefficient can be obtained by using it as a pure 
solvent because the osmotic pressure difference for pure solvents is equal to zero and the 
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linear relation between the volumetric flux (Jv) and the pressure difference (p) can be 
obtained. The solvent permeability coefficient can be obtained from the slope of the flux-
pressure curve; see Figure 5-4. 
 
Figure 5-4. The flux-pressure curve, (ref. 195). 
The solute permeability coefficient () and the reflection coefficient () can be obtained 
experimentally at various solute concentrations and by re-arranging equation (5.52-b) into 
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where c is the concentration difference between the feed and the permeate and c  is the mean 
logarithmic concentration. The mean logarithmic concentration is given as follows 
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By plotting (Jw/Δc) versus (c Jv/Δc), then the solute permeability coefficient value would be 
equal to the line intercept and the (1-) value will be equal to the slope; see Figure 5-5. 
 
Figure 5-5. The (Jw/Δc) versus (  Jv/Δc) plot, (ref. 195). 
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The non-equilibrium thermodynamics and phenomenological equations can be used to 
describe the coupling between the solvent and the solute transport such as water and salt. The 
retention of a given solute depends on the relation between the molecular size and the 
membrane pore size; the interaction between solute molecules is less important. For small 
particles, the Stokes-Einstein equation can be used to find the solute size. Where the molecule 
radius is given as 
D
kT
r
6

    
(5.55) 
where r is the molecule radius and k is the mass transfer coefficient. From equation (5.55), it 
can be noticed that the molecular size is inversely dependant on the diffusion coefficient (D). 
In addition, the coupling between heat and mass transfer can be described using the non-
equilibrium thermodynamics and the phenomenological equations, where the temperature 
difference across the membrane causes heat and mass transfer. Also, coupling between the 
electrical potential difference and the hydrostatic pressure in electro-osmosis process, where 
the solvent is transported across the membrane by the electrical potential difference with 
absence of the hydrostatic pressure, can be described by using non-equilibrium 
thermodynamics and phenomenological equations. If two salt solutions exist, the separation 
occurs because of an electrical potential difference or because of a pressure difference. For a 
system where electrical and hydrostatic pressure are applied, the dissipation function can be 
written as the sum of fluxes and forces in the system as follows 
EIpJXJ
dt
dS
T ii     (5.56) 
where E is the electrical potential difference and I is the electrical current. And the 
corresponding phenomenological equations can be written as 
pLELI  1211     (5.57-a) 
pLELJ  2221     (5.57-b) 
If L11 and L12 are the coupling coefficients, then different conditions can be distinguished 
1. Even if the electrical current is absent, an electrical potential still exists because of the 
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pressure difference, which is called streaming potential.  
2. If the pressure difference is equal to zero, the solvent transport is a result of the electrical 
current, which is known as the electro-osmosis transport. 
3. If the flux is equal to zero, the pressure builds up because of an electrical potential 
difference. 
4. If the electrical potential difference is equal to zero, the electrical current is generated 
because of the flux across the membrane. 
5.4 Transport through porous and nonporous membranes 
Transport through membrane is considered to occur by diffusion (νD) and convective flow 
(uc). The flux for component (i) through a membrane can be written as 
 iciDii uvcJ ,,     (5.58) 
For porous membrane, the convective flow is the main term for transport through it, while in 
the nonporous membrane, only diffusion flow contributes to the transport through it. In 
general, the solution-diffusion model is used for each component dissolved in the solution 
and diffuses through the membrane, then for various processes, a simple flux equation can be 
obtained, (refs. 195, 230, 244). In the case where no convective flow exists, the flux can be 
described in terms of concentration and diffusion flow velocity as follows 
iDii vcJ ,      
(5. 59) 
The mean diffusion velocity is determined by the driving force acting on component (i) and 
the frictional resistance exerted by the membrane as follows 
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where fr,i is the frictional resistance for component (i). The frictional coefficient is given as 
i
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(5.61) 
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where Di is the diffusion coefficient for component (i). By substituting the driving force in 
equation (5.60) by the chemical potential gradient and then substitute equations (5.60) and 
(5.61) into equation (5.59), the following equation is obtained 
dx
d
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(5.62) 
And substituting the chemical potential in equation (5.1) into equation (5.62) , then the flux 
for component (i) is given as follows 
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5.4.1 Transport through porous membranes 
Porous membranes consist of a polymeric matrix in which the pore ranges between 2nm to 
10m. The pores and the membrane geometry vary; for example, in the microfiltration 
membrane, the same structure exists over the whole membrane thus the membrane resistance 
is determined by the total thickness, while the ultrafiltration membrane has an asymmetric 
structure and its resistance is determined by the top layer, (refs. 195, 230, 244). See Figure 5-
6, which shows the different types of pore geometry in membranes. 
 
Figure 5-6. Different membrane structures where 5-6a is a porous membrane structure, 5-6b is nonporous membrane structure, 5-
6c is nodular membrane structure and 5-6d is sponge membrane structure, (ref. 230). 
Because of the different pore geometries, there are different models that describe the 
transportation process through the membranes. Thus, from the different models the structural 
parameters of the membrane can be determined and the membrane performance can be 
improved. One model considers the membrane pores to be parallel cylinders and 
perpendicular to the membrane surface; see Figure 5-6a. The pore length is equal or almost 
equal to the membrane thickness. The volume flux can be described by using Hagen-
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Poiseuille equation and assuming that the membrane pore diameters are equal as follows 
l
pr
J v




8
2
 
  (5.64) 
where  is the tortuosity,  is the viscosity and  is the surface porosity. The surface porosity 
is given as follows 
m
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where np is the number of pores,  is a constant. Equation (5.64) gives a good description of 
transport through the membrane consisting of parallel pores. Other models suggest that the 
membrane consists of closed packed spheres; see Figure 5-6c. Such structure is found in 
organic and inorganic sintered membranes, and in phase inversion membranes with a 
modular top structure. The volumetric flux through this type of membrane can be calculated 
by using the Kozeny-Carman equation 
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where K is Kozeny-Carman constant,  is the pore volume fraction and Aint is the internal 
surface area. Kozeny-Carman constant depends on the pore’s shape and tortuosity.  
Another approach that is used to describe transport through porous membranes is the friction 
model, (refs. 27, 195). The friction model suggests that transport through membrane occurs 
because of viscous flow and diffusion. The friction model implies that the pore size is very 
small; therefore, the solute cannot pass freely through the pores and friction results between 
the solute and the pore wall, between the solvent and the pore wall, and between the solvent 
and the solute. The friction force is related to the velocity difference or the relative velocity 
linearly. If the process is assumed to be thermodynamically irreversible, (refs. 195, 230, 244), 
isothermal and no friction exists, the driving force can be described as the gradient of the 
chemical potential as follows 
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But if friction exists and the separation process is non-ideal, then the upper equation becomes 
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The solute flux is given as 
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The solute flux in the membrane is described as a combination of diffusion flow (∂μw/∂x) 
and viscous flow (Fʹwm). If the solution is ideal, the chemical potential gradient for the solute 
is given as follows 
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And if the solution is dilute, the chemical potential gradient for the solute is given as  
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The friction coefficient of the solute and the membrane (fwm) is related to the friction 
coefficient of the solute and the solvent (fws) as follows 
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where b is the friction factor. Then equation (5.72) for the solute flux can be written as 
follows 
b
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w    (5.73) 
Also, the distribution of the solute in the membrane is given by the following equation 
cKcwm
`     (5.74) 
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where K` is the uptake of the solute by the membrane from the feed. The frictional coefficient 
between the solute and the solvent is related to the diffusion of the solute into the solvent 
coefficient as follows 
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D      (5.75) 
If the following assumptions were made 
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and substituted into equation (5.52-b), the flux would become 
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Integrating the above equation by using the following boundaries 
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If the left-hand side (cf / cp) is plotted versus (lJv / Dws), the following graph results; see 
Figure 5-7. 
 
Figure 5-7. (cf/cp) versus (lJv / Dws) plot, (ref. 195). 
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The maximum value of (b/K`) is obtained when (b) value is the maximum and (K`) is the 
minimum. The solute rejection by the membrane is given as follows 
f
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
 1    (5.78) 
5.4.2 Transport through nonporous membranes 
In nonporous membranes, prose exists on the molecular level in order to allow transport in 
such membranes. The transport of gases and liquids through the membrane are somehow 
similar but there is still a difference such as the affinity between the liquids and the polymers 
is much greater than that between the gases and the polymers. Another difference is that a 
mixture of gas components flow independently through a dense membrane, but the liquid 
mixture component’s flow is influenced by the flow coupling and the thermodynamic 
interaction. The mass transport through the nonporous membrane occurs either by ionic 
conduction or by dissolving through the membrane then diffusing as a result of a chemical 
potential gradient. The chemical potential gradient may be a change in concentration, vapour 
pressure or electrical potential, (refs. 195, 230, 244). The transport of molecules through 
dense nonporous membrane is described by the solution-diffusion mechanism, where the 
permeability is given below as 
 Permeability (P) = Solubility (s) * Diffusivity (D)  (5.79) 
Solubility is defined as the measure of penetrate adsorbed by the membrane under 
equilibrium conditions. Diffusivity depends on the penetrate geometry; as the molecular size 
increases the diffusion coefficient decreases. The diffusion coefficient also depends on the 
penetrate molecule’s concentration, where diffusivity increases as the penetrate or the solute 
concentration increases. Therefore, two cases must be considered; the first is an ideal system 
where the diffusivity and solubility are constant and the second case is a concentration-
dependant system where the solubility and diffusivity are functions of the concentration, 
(refs. 195, 230, 244). The simplest way to describe the transport of molecules through a 
membrane is by using Fick’s law as follows 
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The flux is proportional with the concentration gradient and the proportionality constant is 
the diffusion coefficient. Mass flux occurs because of concentration difference if part of 
membrane is taken as in Figure 5-8. 
 
Figure 5-8. Flow through part of the membrane, (ref. 195). 
Then the change in concentration (dc) in the volume between (x) and (x+x) is given as 
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(5.81) 
If the transport process occurs at infinite small periods of time where ( x  0 and  t  0 ), 
equation (5.83) becomes as follows 
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Substituting Fick’s law into equation (5.82) gives 
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And if the diffusion coefficient (D) is assumed to be constant, equation (5.83) becomes 
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This is known as Fick’s second law, where the concentration is a function of time and 
distance. The diffusion coefficient depends on the size of diffusing particles and on the nature 
     
       
  
  
  
   
membrane 
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of the membrane material. The diffusion coefficient decreases as the particle size increases. 
Diffusion can be described in terms of friction where molecules move through the membrane 
with velocity (v). The velocity (v) is a result of the chemical potential gradient acting on the 
molecules. The force is important to maintain the velocity against the membrane resistance. 
The amount of molecules permeating through the membrane per unit time (mass flow) is 
given by 
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(5.85) 
where DT is the thermodynamic diffusion coefficient. 
5.4.2.1 Ideal system 
In an ideal system, it is assumed that ideal sorption and diffusion occur, (refs. 27, 195, 230, 
244). If the solute solubility in the membrane obeys Henry’s law, the solute flux can be given 
as follows 
 21 pp
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(5.86) 
It can be noticed from equation (5.86) that the flux of a solute passing through a membrane is 
proportional to the pressure difference and inversely proportional to the membrane thickness. 
The diffusion coefficient decreases as the molecule size increases, while the solubility 
increases when the molecular size increases. Small molecules have high permeability because 
of their high diffusivity, while large molecules have high permeability because of their high 
solubility.  
In ideal systems, the diffusion coefficient is constant and can be determined by using the 
permeation method. If the penetrate amount passing through the membrane at time (t) is 
assumed to be given as 
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where cf,i is component (i) concentration in the feed, n` is an integer and Qt is the volumetric 
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flow rate of penetrate. If the time approaches infinity (t  ) then equation (5.87) becomes 







D
l
t
l
Dc
Q
if
t
6
2
,
   (5.88) 
If the left hand-side of equation (5.87), (Qt/lcf,i) is plotted versus time (t), then the following 
graph is obtained; see Figure 5-9. 
 
Figure 5-9. (Qt/lcf,i) versus time (t) plot, (ref. 195). 
From the graph (figure 5-9), the time lag (θlag) can be obtained and it is noticed that the 
separation process needs time to change from a transient state to a steady state. 
5.4.2.2 Concentration dependant system 
The solubility coefficient (s) is a function of concentration because the process is not ideal, 
(refs. 195, 230, 244). High solubility increases segmental motion, thus the free volume is 
increased. Additionally, diffusion depends on the concentration where the diffusion increases 
as the penetrate concentration increases. The difference between the ideal and the non-ideal 
processes is that in the non-ideal process, the diffusion coefficient is not constant and the 
solubility is not described by Henry’s law. The solubility of organic vapours and liquids in a 
non-ideal process is described by Flory-Huggin’s thermodynamics. The penetrate activity in 
membranes is given by 
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where  is the interaction parameter,  p is the volume fraction of penetrate,  1 is the volume 
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fraction of non-solvent, V is the molar volume. If the interaction parameter value ranges 
between (0.52.0), the interaction between the membrane and penetrate is strong and the 
permeability is high. Diffusion coefficient depends on the concentration but no specific 
relation describes the dependence because the diffusion coefficient varies from one 
membrane material to another (from polymer to another); in general, the following 
experimental relation is used 
 poDD  `exp    (5.90) 
where Do is the diffusion at zero concentration where it is small for small molecules and large 
for large molecules, and ` is the exponential constant related to the plasticizing effect of the 
penetrate on the polymer. Diffusivity is influenced by the volume fraction of the penetrate 
( p) and the exponential constant (`). The exponential constant (`) can be considered a 
plasticizing constant, which indicates the plasticizing action of penetrate on segmental 
motion. The free volume theory can be used to describe the dependence of the diffusion 
coefficient on concentration. The free volume theory assumes that the introduction of a 
penetrate increases the free volume of the membrane (polymer). The free volume in the 
membrane is the volume generated by thermal expansion of initially closed-packed molecules 
at zero temperature; the free volume is given as 
oTf VVV      
(5.91) 
where Vf is the free volume in the membrane, VT is the observed membrane volume at 
temperature (T) and Vo is the membrane volume occupied by molecules at zero temperature. 
The observed volume can be obtained from the membrane polymer density, and the occupied 
membrane volume at zero temperature can be estimated from the group contribution. The 
fractional free volume increases linearly with temperature above the glass transition 
temperature (Tg). The free volume theory is useful in describing the transport of small 
molecules through membranes where a molecule can only diffuse from one free volume to 
another if there is sufficient free volume within the membrane. The free volume increases as 
the penetrate size increases. The mobility of penetrate depends on finding free volume with 
sufficient size that allows displacement. If the membrane and penetrate were non-interacting 
and the membrane polymer morphology is not influenced by the presence of penetrate, then 
there is no extra contribution toward the free volume. On the other hand, if the membrane and 
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the penetrate were interacting, the free volume is a function of temperature and penetrates 
concentration. Also clustering of molecules affect the permeation of molecules through the 
membrane, (refs. 195). Where the clustering of diffusing penetrate molecules as di-meric or 
tri-meric form - not as single molecule - causes deviation; as a result, the diffusing 
component size increases and the diffusion coefficient decreases. The extent of clusters 
depends on the type of the membrane polymer and other existing solutes. The amount of 
solution inside the membrane and the solution composition are very important factors, (refs. 
30). If a solution feed mixture phase is in equilibrium with a polymeric membrane phase, see 
Figure 5-10. 
 
Figure 5-10. Feed liquid in equilibrium with the membrane, (ref. 195). 
Then the concentration of component (i) in the solution and in the polymeric phase is given 
by 
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where φpolymer,1, φpolymer,2 and φpolymer,3 are the volume fractions of membrane polymer 
components, φi is component (i) volume fraction. The preferential sorption is given by 
iisorption vc    (5.93) 
where νi is the partial specific volume of component (i). The equilibrium condition is given 
by equality of the chemical potential in two phases. Then the chemical potential for two the 
phases of the feed (f) and the membrane (m) are related to each other as follows 
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11,1, Vmf     (5.94-a) 
22,2, Vmf     (5.94-b) 
By using Flory-Huggins concentration independent interaction parameter and eliminating the 
osmotic pressure () under the following conditions 
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where (1) is for non-solvent and (2) is for solvent. When equation (5.95) is solved 
numerically, the composition of the solution inside the membrane can be gained. From 
equation (5.95), several factors can be understood 
1. The difference in molar volume. If only entropy effects are considered, the molecule with 
a smaller molar volume would be absorbed by the membrane. As the molecule 
concentration in the membrane increases, the difference in molar volume increases. 
2. The affinity toward the polymer. If the enthalpy of mixing is considered, the component 
with highest affinity to the membrane polymer will make a positive contribution toward 
sorption. If sorption is assumed to be ideal, the affinity toward the membrane polymer 
influences the solubility. 
3. Mutual interaction. The influence of mutual interaction on preferential sorption depends 
on concentration and on the value of Flory-Huggins interaction parameter for non-solvent 
and solvent (χ12). 
Transport of a solution through a membrane can be described by using Fick’s law, and for a 
concentration dependant system by using the diffusion coefficient. The diffusion coefficient 
is given by the following equation 
 iiioi cDD `, exp     (5.96) 
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where Di is the diffusion coefficient of species (i) at concentration (c), Do,i is the diffusion 
coefficient of species (i) when its concentration is equal to zero and γ i is the plasticizing 
constant for species (i). In equation (5.96), the plasticizing constant is used to express the 
influence of the plasticizing action of the solution on the segmental motion. Substituting 
equation (5.96) into Fick’s law and integrating it over the following boundaries 
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where ci,1
m
 is the concentration of solute in the membrane and (1) is for solvent, Do,i is the  
diffusion coefficient of species (i) when its concentration is equal to zero, l is the membrane 
thickness and   is the plasticizing coefficient. Equation (5.97) represents the flux solution in 
the membrane, and the flux is determined by the concentration of the solute in the membrane. 
The permeation rate for a solute is determined by the interaction between the membrane and 
the penetrates. If the affinity between the penetrate and the membrane increases, the flux 
through the membrane increases. For a solution transporting through a membrane, the flux 
can be described by solubility and diffusivity. For a solution, two phenomena must be 
distinguished, which are flow coupling and thermodynamic interaction. For a binary system, 
the coupling may be described by non-equilibrium thermodynamics as follows 
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In equation (5.98-a), the first term on the right-hand side describes the flux of component (i) 
due to its chemical potential gradient. The second term on the right-hand side describes the 
flux of component (i) due to the chemical potential gradient of component (j), while in 
equation (5.98-a), the first term on the right-hand side describes the flux of component (j) due 
to component (i) chemical potential gradient. The second term on the right-hand side 
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describes the flux of component (j) due to its chemical potential gradient. The two equations 
(5.98-a) and (5.98-b) represent the coupling of fluxes; if coupling does not occur, (Lij = Lji = 
0) and the two components (i) and (j) permeate through the membrane independently from 
each other. 
5.5 Transport through homogeneous membrane 
A homogeneous membrane consists of a single substance or stable mixture of substances not 
separated by internal interfaces and constrained within the membrane boundaries. This 
membrane is uniform in any lateral direction but may be non-uniform in the flux direction, 
provided the gradients of composition between its faces are continuous everywhere, (refs. 
230, 244). Substance can enter a homogeneous membrane from an external phase by 
dissolving in the membrane material to form a thermodynamically stable mixture. A 
continuous membrane is defined as a phase or group of phases containing all the resistances 
to flow, thus it is implied that some information is available on the location of the resistances 
and on the structure of the membrane. Part of the resistance may be due to mass transfer 
limitations in the adjacent bulk phases. Discontinuous membrane is when the structural 
information on the membrane is not available; it may be treated as a region of discontinuity 
between the two uniform phases.  
5.5.1 Fickian diffusion 
The simplest membrane transport process is the permeation of a single substance or the only 
permeating component of a solution, from one reservoir at concentration (c1˚) to another at 
concentration (c2˚). For ideal conditions, the flux is given by 
  lccLJ oop 21'     (5.99) 
where c1˚ is the concentration of a single substance, a gas or the only permeating component 
of a solution in the first reservoir and c2˚ is the concentration of a single substance, a gas or 
the only permeating component of a solution in the second reservoir. The total flux through 
the membrane is obtained by multiplying the flux density (J) by the area (A). The upper 
equation goes under the following conditions: 
1. Concentrations in the external phases must be uniform up to the membrane faces. 
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2. The permeate partition equilibrium must be maintained at the membrane faces. 
3. The permeate partition coefficient (k`) between the membrane and the adjacent phases 
must be independent of solute concentration in reservoirs (c°). 
4. The permeate diffusion coefficient (D) must be independent of its concentration (c) in the 
membrane. 
5.5.2 Diffusion coefficient and mobility 
When the diffusing solution through the membrane is dilute, the swelling may be neglected 
and the encounters between the diffusing solutes are rare, thus the molecular diffusion 
confirms to the Brownian motion theory, (refs. 230, 244). The diffusion coefficient is 
expressed by the following equation 
uRTD      (5.100) 
The temperature (T) is the absolute temperature. 
5.5.3 The chemical potential gradient as a driving force 
In a non-ideal system, the diffusion coefficient (D) is determined from the flux (J) by using 
Fick’s law, where the diffusion coefficient (D) varies with concentration (c). 
5.5.4 Flow under pressure 
If the chemical potential gradient is the driving force in transport processes, any factor that 
influences the chemical potential must also influence the transport. A pressure contribution to 
the permeation flux by a linear gradient can be tested by studying the flow of a pure liquid 
under pressure through a membrane. Then the flux density is given by 
 
RT
ppVcL
J
o
p 21 
    (5.101) 
where c˚ is the concentration of pure liquid in the reservoir and Lp is the permeability 
coefficient. 
5.5.5 Charged gel membrane 
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The uptake of ions from the solution by the membrane may be dealt by the Donnan theory 
since the surface of the membrane may be regarded as an interface that prevents the fixed 
charges from entering the solution, (refs. 244). The ion activity is given by 
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exp   (5.102) 
where ai˚ is the activities of ionic species (i) in the solution, ai is the activities of ionic species 
(i) in the membrane, zi is the valence of species (i) including the charge, ΨD is the potential 
difference and F is the Faraday’s number. 
5.6 Transport through heterogeneous membranes 
A heterogeneous membrane consists of a random or ordered array of discrete volume 
elements with different chemical or physical properties, (refs. 244). 
5.6.1 Parallel arrays of elements 
An example of heterogeneous membrane is a set of transport pathways arranged in parallel. 
The permeability of the whole membrane is the sum of the permeability of its parts, which is 
given as follows 

m m
mm aPP
2
    (5.103) 
where P  is the whole membrane permeability and Pm is the permeability of membrane parts.  
5.6.2 Porous membranes 
Beside the bulk flow phenomena in the pores, the surface flow phenomena may be highly 
significant when the surface of the capillaries is large. One of the porous polymer models is 
random mesh of non-circular, tortuous and interconnecting pores. Carman has shown the 
flow properties of such a system in terms of an effective pore diameter (d) given by 
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where  is the porosity. 
5.6.3 Series arrays of layers  
Another type of heterogeneous membrane is a set of plane layers with different properties 
arranged in series at right angle to the net flow. The flux for a steady state is characterised by 
Henry’s law coefficient (kd,a and kd,b) and Fickian diffusion (Da and Db), the flux is given as 
follows 
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where cʹi is the concentration of a hypothetical bulk phase in equilibrium with the interfacial 
concentrations inside the membrane at the boundary between two layers. 
5.6.4 Stagnant boundary layers 
When a substance is transported between two supposedly uniform reservoirs (the gradient of 
the chemical potential is zero), a problem arises of conveying the transported substances up 
to the accepting face of the membrane dissipating it at the delivery face. If the permeation 
process is sufficiently rapid and the potential gradients in the reservoir cannot be zero, then 
the bulk phase transport processes may limit the total flux. 
5.7 Summary 
The separation models were discussed in this chapter. The transport of solute and solvent 
across a membrane occurs because of driving forces which are a result of a difference in 
pressure, concentration, temperature or electrical charges. The driving forces are divided into 
chemical potential and electrochemical potential. Permeation through the membrane is 
described by two models, which are the solution-diffusion model and the pore flow model. 
The solution diffusion model is when a solute dissolves in the membrane then diffuses 
through the membrane down the concentration gradient. In the pore model, the solute is 
transported through the membrane by a pressure-driven convective flow where part of the 
solute passes through the membrane pores while others do not. Also, the non-equilibrium 
thermodynamics can be used to describe the coupling between the solvent and the solute 
transport such as water and salt through a membrane. The retention of a given solute depends 
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on the relation between the molecular size and the membrane pore size. From the separation 
models, the theory that describes the separation behaviour of ions by nanofiltration 
membrane can be understood, which would be discussed in more details in chapter 7.   
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Chapter 6 Membrane fouling      
The membrane permeate flux depends on time, where it decreases with time because of 
concentration polarisation, fouling, adsorption of molecules by the membrane material which 
plugs the membrane pores and temperature polarisation, (refs. 9, 60, 89, 176, 195). 
Concentration polarisation, fouling, temperature polarisation and molecule adsorption by the 
membrane increases the resistance through the membrane, hence the permeate flux declines 
and the membrane rejection decreases. The decrease in the permeate flux depends on the 
membrane and the feed phase characteristics. In an ideal process, the total resistance affecting 
the permeate flux is the membrane resistance. The membrane resistance (Rm) is due to its 
ability to transport one type of molecule more than the other types or retain molecules. From 
the membrane resistance property, another type of resistance appears, which is the 
concentration polarisation resistance (Rcp) and is due to the molecule or particle layer formed 
because they cannot permeate through the membrane. If this layer concentration increases to 
a degree where it changes to a gel layer, a gel layer resistance (Rg) appears. If some solute 
particles penetrate through the membrane pores and block the membrane, a pore-blocking 
resistance (Rp) appears. If the membrane adsorbs the solute, this causes adsorption resistance 
(Ra). Beside concentration polarisation, a temperature polarisation occurs in a heat flux-
driven processes. Transport through the membrane is affected by temperature polarisation, 
concentration polarisation and fouling. Consequently to avoid the decrease in the permeate 
flux and the rejection of a solute, then fouling, concentration polarisation and temperature 
polarisation behaviour should be understood in-order to avoided such phenomenon’s. Thus 
fouling, concentration polarisation and temperature polarisation would be discussed in this 
chapter.   
6.1 Concentration polarization 
The solute concentration in permeate is less than the solute concentration in the feed bulk, 
which is due to the membrane where it retains the solute and allows the solvent to permeate 
through it. The retained molecule’s concentration increases with time at the membrane 
surface and become more concentrated than its concentration in the bulk solution; this effect 
is known as the concentration polarisation. Concentration polarisation occurs because of the 
difference in the permeating rate for different components in the feed, which causes 
concentration gradient at both sides of the membrane. In addition, the retained molecules will 
diffuse back to the feed bulk. When a steady state is reached, the solute convective flow 
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toward the membrane surface will be balanced by the solute flux through the membrane and 
the diffusing flux of solutes back to the feed bulk away from the membrane surface. See 
Figure 6-1. One approach to describe concentration polarisation is by using the boundary 
layer thin film model, where a thin layer of unmixed fluid is assumed between the membrane 
and the well-mixed bulk solution. The solute concentration in the feed bulk is equal to (cb) at 
distance (d) and at the membrane surface the concentration increases and reaches the 
maximum value (cm). When a steady state condition is reached, the flux at any point in the 
membrane is equal to the permeate flux, which is equal to the convective flux toward the 
membrane in the boundary layer minus the diffusion flux away from the membrane in the 
boundary layer. Then the convective transport of the solute toward the membrane is given by 
dx
dc
DcJcJ iiipviv     (6.1) 
where Jv is the volumetric flux in the boundary layer, cip is the concentration of ion (i) in the 
permeate and Di is the diffusion coefficient of ion (i) , (refs. 195, 267). 
 
Figure 6-1. Concentration profile, (ref. 195). 
Integrating equation (6.1) by using the following boundary conditions 
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Then equation (6.1) becomes 
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where cim is the concentration of component (i) at the feed-membrane interface and cib is the 
concentration of component (i) in the bulk-feed solution. The intrinsic retention is given by 
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R 1int     (6.3) 
where Rint is the intrinsic retention. Concentration polarisation is determined from the 
increase or decrease in the ratio between the solute concentration at the membrane surface 
and the solute concentration in the bulk solution. This is known as the concentration 
polarisation modulus and can be obtained by substituting equation (6.3) into (6.2), which 
gives 
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where cim/cib is the concentration polarisation module and k is the mass transfer coefficient. 
The concentration polarisation modulus depends on the boundary layer thickness (), the 
intrinsic retention (Rint), the volumetric flux through the membrane (Jv) and the diffusion 
coefficient in the boundary layer. The boundary layer and the diffusion coefficient appear in 
the mass transfer coefficient. The concentration polarisation modulus (cim/cib) increases as the 
flux and the intrinsic retention increases, while the mass transfer coefficient decreases. As the 
boundary layer decreases, the concentration polarisation modulus becomes small. 
Concentration polarisation increases exponentially as the total volume flow flux increases. 
The relation between convective and diffusion transport in the membrane is described by 
Peclet number (Jv /Di). If Peclet number is large, the convective transport is balanced easily 
by the diffusion transport and the concentration polarisation modulus would be large. But if 
the Peclet number is small, the convection transport is balanced by diffusion transport and as 
a result, the concentration polarisation is near to unity.  
Concentration polarisation can be described by treating the membrane resistance and the fluid 
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layers adjacent to the membrane as resistances in series, (refs. 267). The flux across the 
membrane and the fluid layers adjacent to the membrane boundary layer is given as 
 
ipibovi cckJ     (6.5) 
where kov is the overall mass transfer coefficient and cib is the concentration of component (i) 
in the bulk-feed solution. If the concentration polarisation is assumed to occur at the feed 
side, (refs. 267), the flux is given as 
 imibbli cckJ     (6.6) 
where kbl is the fluid boundary layer mass transfer coefficient. And if the concentration 
polarisation is assumed to occur in the membrane, the flux is given as 
 
ipimmi cckJ     (6.7) 
where km is the membrane mass transfer coefficient. The overall mass transfer coefficient is 
given as follows 
blmov kkk
111
    (6.8) 
When the fluid boundary layer mass transfer coefficient (kbl) is large, the fluid boundary layer 
resistance is small; as a result, the total resistance is determined by the membrane. And if the 
fluid boundary layer mass transfer coefficient (kbl) is small, the fluid boundary layer increases 
and the overall resistance becomes the net of the membrane resistance and the fluid boundary 
layer resistance. Then the overall mass transfer coefficient (kov) decreases and the flux also 
decreases.  
Concentration polarisation is high in microfiltration and ultrafiltration relative to 
nanofiltration and reverse osmosis because the flux is high and the diffusion coefficient and 
the retained particles are small. Concentration polarisation could be reduced by controlling 
the flux and the mass transfer coefficient. The mass transfer can be increased by increasing 
the velocity along the membrane, breaking the boundary layer, using turbulences promoter 
and increasing the temperature, thus causing concentration polarisation to decrease. 
Temperature also has an effect on the flux; as the temperature increases the mass transfer 
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coefficient increases, hence the flux increases. The flux increases opposite to the mass 
transfer coefficient increase goal, which is to reduce the polarisation coefficient. The 
concentration polarisation is high in ultrafiltration and microfiltration because of the high flux 
and the low mass transfer coefficient. In nanofiltration and reverse osmosis, the concentration 
polarisation is low because of the low flux and the low mass transfer coefficient for low 
molecular weight molecules. In electro-dialysis, the concentration polarisation is high as in 
microfiltration and ultrafiltration. For pressure-driven membranes, the flux through the 
membrane is given as 
mR
P
J
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     (6.9) 
where Rm is the hydrodynamic membrane resistance where it is constant and does not depend 
on the applied pressure or the feed composition and concentration. The flux through the 
membrane has a limiting value where it would not increase even if the applied pressure 
increases and it is called the limiting flux (J∞). The limiting flux is given by 
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When the flux is high, the macromolecules diffusion is low and the retention is high, thus the 
solute concentration at the membrane surface is very high. When the solute concentration at 
the membrane surface increases, a thin layer starts to form on the membrane surface. As the 
retained solute concentration increases and reaches the maximum value, a gel layer starts to 
form. The gel layer concentration (cg) depends on the chemical structure, the size and the 
shape of solute and on the degree of solvation. The gel concentration does not depend on the 
solute concentration in the bulk solution; this is described by the gel model. As the gel layer 
thickness increases, the flux decreases to maintain a balance between the rate of the solute 
brought to the membrane and the rate of the solute diffusion back to the bulk-feed solution. 
The flux through the membrane increases as the applied pressure increases, but when it 
reaches the limiting flux value, no effect would occur as the applied pressure is increased. 
When the limiting flux is reached, the gel layer thickness increases as the applied pressure is 
increased and the flux remains constant. The limiting flux decreases as the feed concentration 
increases. See Figure 6-2. 
Chapter 6  Membrane Fouling 
137 
 
 
Figure 6-2. Pressure effect on the gel layer formation, where the gel layer thickness increases as the pressure increases, (ref. 267). 
The gel layer adds a resistance to the membrane resistance and the gel layer resistance 
becomes the limiting factor toward the flux, (refs. 195). The limiting flux in this case is given 
as 
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where cg is the gel concentration. In the osmotic pressure model where an osmotic pressure 
exists because of the retained low molecular weight molecules, equation number (6.9) would 
not be accurate and it becomes 
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     (6.12) 
This is known as the osmotic pressure model. For macromolecules, the osmotic pressure is 
given as 
nca.     (6.13) 
where a is a constant and n is an exponential, which is greater than (1). If the solute is 100% 
rejected by the membrane then its concentration in the permeate would be cp = 0 thus in 
equation (6.4) the rejection would be equal to 1 (Rint = 1) and by substituting equations (6.4) 
and (6.13) into equation (6.12) gives the following 
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Deriving equation (6.14) gives the following equation 
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From equation (6.15), it can be seen that the flux does not increase linearly as the pressure 
difference increases. The increase in the membrane resistance is attributable to the osmotic 
pressure. The gel layer and the osmotic pressure models give similar results. For the gel layer 
model, if the flux in equation (6.11) is plotted versus (ln cb), the slope will be (-k) and the x-
intercept is (ln cg); see Figure 6-3. 
 
Figure 6-3. (J∞) is plotted as a function of (ln cb), (ref. 195). 
In the osmotic pressure model, equation (6.14) is derived as follows 
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Where the following graph is obtained by plotting (J∞) versus (ln cb); see figure 6-4. If the 
membrane resistance (Rm) is small and is neglected, the slope would be equal to (-k) and the 
x-intercept of the slope is (Δπ = Δp). 
 
Figure 6-4. (J∞) is plotted as a function of bulk concentration, (ref. 195). 
Chapter 6  Membrane Fouling 
139 
 
If the solute rejection by the membrane is 100% and a steady state is reached, the convective 
flow of the molecules toward the membrane would be equal to the diffusion flow of the 
molecules toward the bulk, (refs. 195). Since the molecule concentration increases and if it is 
assumed that no gel layer is forming and a hydrodynamic resistance occurs at the boundary 
layer, then equation (6.9) becomes 
 blm
v
RR
p
J




   (6.17) 
where Rbl is the boundary layer resistance. The boundary layer resistance depends on the 
molecule’s molecular weight and the solute concentration. If the boundary layer resistance 
(Rbl) is integrated over the boundary layers (x=0) and (x=) as follows 



0
1.dxPxRbl    (6.18) 
where P is the permeability. Then the flux through the boundary layer’s resistance can be 
given as follows 
bl
bl
v
R
J
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
     (6.19) 
6.2 Temperature polarisation 
In processes where heat is used to transport or retain molecules or solvent through a 
membrane such as distillation and thermo-osmosis, heat and mass polarisation occur, (refs. 
195, 230). Since the solvent in the feed side has a higher temperature than the permeate side, 
the solvent would evaporate and the solvent vapour pressure would increase, thus the solvent 
vapour would transport to the permeate side of the membrane and condensate. The heat 
required to increase the temperature and vaporise the solvent is supplied by the bulk solution; 
on the other hand, some of the heat is lost by conducting through the membrane and the 
membrane pores to the other side (colder side). A steady state is reached when the heat 
supplied by the bulk solution is equal to the heat lost by the membrane. The temperature 
polarisation is the temperature difference between the bulk solution and the membrane 
surface temperature. The heat balance for a steady state is given by 
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where α1 is the heat coefficients on the warm side of the membrane, α2 is the heat 
coefficient on the cold side of the membrane,  ∆Hv is the heat flux caused by convective 
transport through the pores,  ∆Hc is the heat flux caused by convective transport through the 
pores and λm is the overall heat conductivity of the membrane. The following boundaries 
were considered 
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In addition, if the heat coefficients were assumed to be equal (α1=α2=α), equation (6.20) 
becomes 
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The overall heat conductivity (λm) is equal to the sum of the heat conductivity in the pores 
(λg) and the heat conductivity in the solid part (λp). The overall heat conductivity is given by 
  pgm   1    (6.22) 
Equation (6.22) is for cylindrical pores with surface porosity (). If the ( ∆Hc= ∆HvJ) and by 
substituting it into equation (6.21) gives 
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The temperature polarisation (∆Tm) increases when the volumetric flux and the heat 
conductivity by the solid part of the membrane increase, and the temperature polarisation 
(∆Tm) decreases when the heat transfer coefficient and the membrane thickness increases. In 
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thermo-osmosis, the heat transfer is a result of conduction through the membrane. For the 
thermo-osmosis process, equation (6.21) becomes 
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The overall heat conductivity of the membrane in thermo-osmosis is high, thus the 
polarisation temperature in distillation is greater than in thermo-osmosis because the 
convective term depends on the volumetric flux.  
6.3 Membrane fouling 
Membrane fouling is an irreversible process where particles are retained on the membrane 
surface, and the flux keeps decreasing and does not become steady with time as in 
concentration polarisation. Fouling occurrence depends on the separation process and the 
membrane that is used; for example, fouling exists in microfiltration, ultrafiltration, 
nanofiltration and reverse osmosis but nearly does not appear in pervaporation and gas 
separation. Fouling depends on the solution’s physical and chemical parameters such as 
concentration, pH, temperature and ionic strength. Fouling can be reduced by using several 
methods such as 
1. Pre-treatment of the feed solution, which includes pre-microfiltration, pre-filtration, pH 
adjustment, heat treatment and addition of complexing agents. 
2. Changing membrane properties. 
3. Changing the process conditions; for example, fouling decreases as the concentration 
polarisation decreases, hence concentration polarisation can be reduced by increasing the 
mass transfer coefficient and reducing the membrane flux. 
4. Cleaning; there are three types of cleaning: hydraulic cleaning, mechanical cleaning and 
chemical cleaning. Cleaning methods depend on the membrane chemical resistance, 
module configuration and foulants type. 
6.4 Summary 
This chapter discusses concentration polarisation, fouling, and temperature polarisation. and 
molecule adsorption by the membrane increases the resistance through the membrane. The 
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permeate flux through the membrane decreases with time because of concentration 
polarisation, fouling, adsorption of ions by the membrane material and temperature 
polarisation, consequently the rejection of ions decreases. Since fouling and concentration 
polarisation would occur when ions permeate through nanofiltration membrane, thus fouling 
and concentration polarisation should be investigated in-order to understand their effect on 
ions rejection. In this work, concentration polarisation and fouling is investigated for two 
different membranes with different pore size for different types of ions and concentration. 
Because the permeate flux and the ions rejection is effected by the membrane pore size and 
the feed solution characteristics. This is discussed in more details in chapter 8.  
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Chapter 7 Nanofiltration membrane      
Nanofiltration membrane is a pressure-driven membrane with properties lying between 
ultrafiltration and reverse-osmosis membranes. Nanofiltration membrane permeate flux is 
higher than reverse osmosis permeate flux but the rejection is lower. The separation 
mechanism involves steric (sieving), electrostatic (Donnan) effects, convection and diffusion, 
(refs. 7, 25, 145, 207). The rejection of mono-valent ions and non-ionised organics with 
molecular weight less than 150 by nanofiltration membrane is low while the rejection of 
multi-valent ions and organics with molecular weight higher than 300 is high. Most 
nanofiltration membranes are either positively charged or negatively charged. The advantages 
of nanofiltration membrane are that it operates at lower pressure than reverse osmosis 
membrane, has selective rejection between mono-valent and multi-valent ions and has high 
permeate flux. The disadvantage of nanofiltration membrane (and membranes in general) is 
fouling, which is caused by adsorbing foulants on the pore walls, pore blockage and surface 
fouling such as cake and gel layer formation. Nanofiltration membrane is used for softening 
water, removing hardness, natural organic matter, heavy metals, viruses and bacteria, and 
concentrating organic dyes. Nanofiltration membranes can be classified into two major 
groups, which are polymeric and ceramic membranes, where ceramic nanofiltration 
membrane was considered in this work. Even though polymeric nanofiltration membranes 
have been widely used because they can be easily prepared and cheaply produced at a large 
scales, but they have disadvantages, which are low chemical stability, low thermal stability 
and low mechanical stability. Even though ceramic nanofiltration membranes are more 
expensive and complex to produce but they can tolerate high temperatures, tolerate extreme 
pH values, resist being swelled by solvents and have longer lifetime. In addition, ceramic 
nanofiltration membranes can be easily cleaned and restored to their original conditions, 
unlike polymeric nanofiltration membranes. There are several models used to describe the 
transport mechanism through nanofiltration membrane, (refs. 7, 25, 145, 207, 219, 220, 257, 
289, 290, 314, 321, 324, 325, 326, 328, 342, 343, 344), such as the following 
1. Solute rejection based on continuum hydrodynamic model.  
2. Irreversible thermodynamics, which considers the membrane as a black box ignoring the 
membrane structure and any transport mechanism, (refs. 7, 83, 195).  
3. Electro-kinetic space-charge model, (refs. 343). 
4. Donnan-Steric-Pore model (DSPM), which includes the hindrance effects for diffusion 
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and convection. Membrane characterisation depends on the pore radius (rp), the effective 
ratio of membrane thickness to porosity (Δx/Ak) and the effective membrane charge 
density (Xd), (refs. 25, 290, 314). 
5. Extended Nernst-Planck equation is used to describe ion transport through the membrane 
with the Poisson-Boltzmann equation, which is used to describe the radial distribution 
across the pore. Membrane characterisation depends on the effective ratio of membrane 
thickness to porosity (Δx/Ak) and the effective membrane charge density (Xd) , (refs. 7, 
314). 
6. The electrostatic and the steric-hindrance model, where the transport of charged solutes 
through nanofiltration membrane depends on the membrane charged pore structure, (refs. 
342, 344). 
7. The Spiegler-Kedem model, where nanofiltration membrane is characterised in terms of 
the solute permeability and the reflection coefficient, (refs. 300).   
7.1 Characterisation of nanofiltration membrane  
Nanofiltration membranes are generally made of polymeric or inorganic (ceramic) materials. 
Inorganic nanofiltration membranes have pore diameters ranging between 0.5–2 nm and they 
do not swell in water. The polymeric nanofiltration membranes are either non-porous cross-
linked structures with anionic group, which swells in water, or meso-porous with a top layer 
and porous support. The separation performance of meso-porous and non-porous membranes 
is the same but the separation mechanism is different; see Figure 7-1.  
 
Figure 7-1. Separation of uncharged molecule by porous and nonporous nanofiltration membrane, (ref. 7). 
The sieving mechanism is used in the porous nanofiltration membrane and the solution 
diffusion mechanism is used in the swollen membranes. If the feed solution contains ions, the 
main separation mechanism for both porous and swollen membranes is the Donnan 
exclusion. Different parameters can be used to characterise nanofiltration membranes, such as 
7.1.1 Performance parameters  
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The membrane performance can be characterised by the retention of charged and uncharged 
solutes, (refs. 7, 30, 38, 125), as well as the solvent permeability. 
7.1.1.1 Charged molecules retention 
If the membrane were charged, then the Donnan effect would contribute to the separation 
performance. Charged membrane would repel ions with the same charge as the fixed 
membrane charge; as a result, the ion’s concentration in the membrane and the transport rate 
are low. If a charged membrane is at equilibrium condition, then the chemical potentials () 
for different ions at the membrane interface between the solution and the membrane are 
equal, which is given as 
m
ii       (7.1) 
The ion electrochemical potential () in the solution is given as 
zFEaRT i
o
ii  ln   (7.2) 
Moreover, the ion electrochemical potential () in the membrane is given as 
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where Ψi is the ion (i) electrochemical potential in the solution (J/mol), μ˚i is the ion (i) 
standard reference state of the chemical potential in the solution (J/mol), ai is the ion (i) 
activity in the solution (dimensionless), E is the measured potential in the solution (V), Ψi
m
 is 
the ion (i) electrochemical potential in the membrane (J/mol), μi
m,o
 is the ion (i) standard 
reference state of the chemical potential in the membrane (J/mol), ai
m
 is the ion (i) activity in 
the membrane (dimensionless) and E
m
 is the measured potential in the membrane (V). At the 
membrane-feed solution interface, an electrical potential would develop because of the 
difference in the ionic concentration between the membrane phase and the solution phase, 
this is known as the Donnan potential. The Donnan potential is given as 
m
i
i
i
m
don
a
a
Fz
RT
EEE ln   (7.4) 
The membrane rejection can be predicted from the ion distribution at the solution-membrane 
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interface. At the solution-membrane interface for a dilute mono-valent solution (such as 
NaCl) and a negatively charged membrane, the concentration is given as 
mm cccc      (7.5) 
where c+ is the concentration of positively charged ions in the solution, c- is the concentration 
of negatively charged ions in the solution, c
m
+ is the concentration of positively charged ions 
in the membrane, and c
m
- is the concentration of negatively charged ions in the membrane. If 
electro-neutrality condition is maintained as follows 
  0iicz     (7.6) 
then applying the electro-neutrality condition for the solution phase and the membrane phase 
results in 
  cc     (7.7-a) 
m
X
mm ccc       (7.7-b) 
where c
m
X- is the concentration of membrane fixed charge. Substituting equations (7.7-a) and 
(7.7-b) into equation (7.5) gives 
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Equation (7.8) can be written for 2-1 salt such as (CaCl2) and 1-2 salt such as (Na2SO4) as 
follows 
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From equations (7.8), (7.9), and (7.10), the ion distribution at the solution-membrane 
interface can be indicated and the membrane rejection can be predicted. For a negatively 
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charged membrane, a high rejection is expected for (1-2 salt) type and the concentration of 
ions in the membrane is low. While for (2-1 salt) type, the concentration in the membrane 
would be high and as a result, the rejection is low. 
7.1.1.2 Retention of uncharged solutes 
For porous nanofiltration membrane, separation is due to the sieving mechanism, and for 
non-porous nanofiltration membrane, the separation is due to the solution-diffusion 
mechanism. Molecular weight cut-off (MWCO) is used to characterise nanofiltration 
membrane where it is defined as the molecular weight of 90% of retained particles by the 
membrane. Since molecular weight cut-off (MWCO) is affected by adsorption, concentration 
polarisation, pressure, and feed concentration, then it cannot be used as the absolute 
characterisation parameter. Separation for swollen (non-porous) nanofiltration membrane is 
characterised by the solubility and the molecular size; as a result, the molecular weight cut-
off is considered a bad characterising parameter and is insufficient to characterise swollen 
and polymeric nanofiltration membranes. The rejection of solute by nanofiltration membrane 
increases as the solute molecular weight cut-off (MWCO) and solute molecule size increase. 
Rejection (retention) depends on the flux and pressure across the membrane, (refs. 7). From 
irreversible thermodynamics, the solute flux (Js) is given as 
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In addition, the solvent flux (Jv) is given as 
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where Lp is the solvent permeability coefficient (m³/m².s.bar), Ls is the local solute 
permeability (Ls = L  s Δx), P is the pressure (bar),  is the reflection coefficient 
(dimensionless),  is the osmotic pressure (N/m²), Δx is the membrane thickness (m) and L  s is 
the solute permeability (m/s). The retention (R) is given as 
f
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where cf is the feed concentration (mol/l) and cp is the permeate concentration (mol/l). 
Integrating equation (7.11) and considering (cp=Js/Jv) then substituting it into equation (7.13) 
gives the following 
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where (Pe) is the Peclet number, which is given as 
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It can be noticed that the retention increases as the solvent flux increases. When the solvent 
flux is very big (Jv → ∞), the retention (R) would be equal to the reflection coefficient ().   
7.1.2 Morphology parameters 
Nanofiltration membrane performance can be determined by the membrane morphology 
parameters such as the membrane surface roughness, the membrane hydrophobicity, and the 
membrane chemical structure, (refs. 1, 7). Membrane porosity can be measured using 
different methods such as gas adsorption-desorption, permporometry, microscopy and surface 
force-pore flow. The gas adsorption-desorption method is used to measure the pore size of a 
porous inorganic membrane such as ceramic membranes. The gas adsorption-desorption 
method depends on the vapour pressure difference between the curved and flat surfaces. The 
adsorbed gas volume is measured by adsorption and desorption of the gas at different vapour 
pressures. When the relative vapour pressure (Prel) is equal to zero, all the membrane pores 
will be open. By increasing the relative vapour pressure, the gas adsorption starts to occur at 
the pore wall, and a further increase in the relative vapour pressure causes condensation. An 
increase in the relative vapour pressure will start to fill the membrane pores, and all the 
membrane pores will be filled with vapour when the relative vapour pressure reaches unity 
(Prel = 1). The relative vapour pressure where adsorptions take place is related to the 
membrane pore size as follows 

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where  is the surface tension (N/m), Vmol is the molar volume (mol/m³), rk is the Kelvin 
radius (m), () is the contact angle, P is the pressure (bar) and P° is the vapour pressure 
(bar).  
Permporometry is another method used to measure the pore size and the pore size distribution 
for porous membranes for pore diameter larger than 2nm. Permporometry depends on 
condensation on the pore walls and the gas diffusion through them. Firstly, the pores are 
filled with condensable vapour, and when the relative pressure is equal to unity, the pores are 
filled and no gas permeation occurs. Secondly, the relative pressure is reduced and as a result, 
condensed vapour is removed and gas diffuses through the membrane. Finally, the gas 
diffusion flow is measured.  
Pore size and pore size distribution are determined by the surface force-pore flow method. 
The solute and the solvent are assumed to be able to permeate through the membrane pores 
perpendicular to the membrane surface under the surface force influence. As the pores in the 
membrane upper layer increase, the flux increases and the retention also increases.  
The membrane hydrophobicity is used to characterise the membrane because it causes the 
solute to deposit on the membrane surface causing fouling. Hydrophobicity is expressed in 
terms of contact angle () where the edge of the two boundary phases ends a third phase. The 
contact angle () is the membrane wettability, which is the amount of adsorbed water. The 
contact angle () is given as 
LV
SLSV


 cos    (7.17) 
where  is the contact angle, γSV is the surface tension of the solid with the liquid vapour, γLV 
is the surface tension of the liquid with the liquid vapour and γSL is the tension of the solid-
liquid interface. 
7.1.3 Charge parameters  
Nanofiltration membrane charge affects the membrane retention and fouling. The charge of 
nanofiltration membrane is a result of dissociating functional groups, adsorption of ions from 
the solution, adsorption of polyelectrolyte’s, adsorption of ionic surfactants, and adsorption of 
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charged macromolecules. The membrane surface (negatively and positively) fixed charges 
can be measured by titration. The membrane ion conductivity is measured using impedance 
spectroscopy. In this work, nanofiltration membrane charge is considered an important 
parameter that would affect the membrane rejection behaviour. Consequently, the effect of 
ions concentration and pH on the membrane charge sign was investigated ( see chapter 9).    
7.2 Chemical interaction affect on nanofiltration membrane rejection  
The retention of nanofiltration membrane is affected by acid-base transformation, 
complexation, precipitation, oxidation-reduction and adsorption, (refs. 7, 68, 131, 248). These 
chemical reactions were considered in this work in-order to try to understand and justify the 
rejection behaviour for nanofiltration membrane (see chapter 9). 
7.2.1 Acid-base transformation 
The acid-base behaviour of a solute may influence nanofiltration membrane retention, where 
the gain and loss of protons may form different forms (speciation) of species. The different 
new species formed may have different properties than the original solute such as being more 
or less charged, which as a result would have an influence on retention. 
7.2.2 Complexation 
When solutes are dissolved in a solution, cations and anions are formed. The interaction 
between cations and anions results in different types of complexes. Since the actual solute 
distribution depends on the solution conditions such as pH, concentration and temperature, 
the retention of the solute is affected. For example, the retention of nanofiltration membrane 
would change by the change of species in the solution from highly negatively charged at high 
pH to divalent cations in an acidic solution. The retention of negatively charged solute at high 
pH solution is higher that the retention for positively or non-charged solutes.    
7.2.3 Precipitation 
When precipitates are formed, they will be retained by nanofiltration membrane except for 
dissolved complexes. Complexes are expected to pass through nanofiltration membrane 
unless they are retained because of size exclusion, Donnan exclusion or adsorption effect. 
Precipitation of solutes at nanofiltration membrane surface is related to concentration 
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polarisation; as the solute’s precipitated amount increases, the concentration polarisation 
increases thus retention also increases.      
7.2.4 Oxidation-reduction  
The oxidation-reduction transformation may cause change in the solute form such as the 
solute charge or being dissolved or precipitated, and this would affect the separation process 
by nanofiltration membrane. The oxidation-reduction reaction causes a change and a 
formation of new species that differs from the original species. The behaviour of the original 
solutes and the new formed materials in nanofiltration membrane are different, thus the 
retention behaviour would differ.  
7.2.5 Adsorption 
Retention is affected by the adsorption of particles by the nanofiltration membrane or 
adsorption by the accumulated layer on the membrane surface. Adsorption is affected by 
several elements such as the solute concentration, the solution pH and the particle size. 
7.3 Nanofiltration membrane theory 
Nanofiltration can separate charged and uncharged solutes from the solution, (refs. 7, 14, 30, 
47, 350). The uncharged molecule’s separation is a result of the size exclusion or the 
difference between the diffusion rates. The charged solute’s (ions) separation is a result of the 
interaction between the membrane surface charge and the solute charge. Also, charged 
molecules separation depends on their size; if the molecule size is bigger than the membrane 
pore then it will be retained by the membrane. Solute permeates through nanofiltration 
membrane by two mechanisms: convection and diffusion. Convection transfer is affected by 
the physical parameters such as pressure and conversion rate, while diffusion transfer is 
affected by the chemical parameters such as concentration and pH. As a result, convection is 
more effective at high pressure than low pressure and larger ions are better retained by the 
membrane because convection depends on the physical parameters. Since diffusion depends 
on the chemical parameters, the chemical selectivity is more important than the physical 
selectivity in nanofiltration membrane; as a result, the selectivity is much higher at low 
pressure. Nanofiltration membrane selectivity is high at low pressure because of diffusion 
and its retention is high at high pressure because of convection. One of the aims of this work 
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is to study the effect of ion type and ion concentration on nanofiltration membrane selectivity 
and rejection at low applied pressure values, see chapter 9 for more details.     
7.3.1 Rejection of uncharged solutes 
The uncharged solute flux is given as a combination between hindered convection and 
diffusion as follows 
dx
d
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where js is the uncharged solute flux (mol/m².s), Kc is the uncharged solute hindrance factor 
for convection (dimensionless), c is the uncharged solute concentration within the pore 
(mol/m), V is the solvent velocity (m/s), Dp is the uncharged solute pore diffusion coefficient 
(m²/s), R is the gas constant (8.314 J/mol.K), T is the absolute temperature (K),  is the 
uncharged solute chemical potential (J/mol), and x is the membrane thickness (m). If the 
chemical potential () for uncharged solute is given as 
constantln  PVaRT s    (7.19) 
where a is the uncharged solute activity (mol/m³), and Vs is the uncharged solute partial molar 
volume (m³/mol). For a dilute solution, which is assumed to behave ideally, and 
differentiating equation (7.19) and substituting it in equation (7.18) gives 
dx
dP
V
RT
cD
dx
dc
DcVKj s
p
pcs    (7.20) 
In addition, the solute flux is given as 
VCj ps       (7.21) 
where Cp is the uncharged solute bulk permeate concentration (mol/m³). For porous 
nanofiltration membrane, the solvent velocity is given by the Hagen-Poiseuille equation as 
follows 
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x
Pr
V
ep



8
2
     (7.22) 
where rp is the effective pore radius (m), ΔPe is the effective pressure driving force (N/m),  
is the solvent viscosity within pores (N s/m²), and Δx is the membrane thickness (m). By 
rearranging equation (7.22) and assuming that the pressure gradient is constant, the pressure 
gradient can be given as 
2
8
p
e
r
V
x
P
dx
dP 



     (7.23) 
Substituting equations (7.21) and (7.23) into equation (7.20) gives 

















 p
p
sp
c
p
Cc
RTr
VD
K
D
V
dx
dc
2
8 
  (7.24) 
Assuming that the uncharged solute pore diffusion coefficient (Dp) and the uncharged solute 
partial molar volume (Vs) to be independent of concentration and by assuming the 
dimensionless group (Y) is given as 
2
8
p
sp
RTr
VD
Y

      (7.25) 
Then equation (7.24) becomes 
  pc
p
CcYK
D
V
dx
dc
    (7.26) 
Moreover, by integrating equation (7.26) over the following boundaries 
p
f
Ccxxat
Ccxat



 0
 
where  is the uncharged solute steric partitioning coefficient (dimensionless) [ϕ = (1-λ)2], 
and Cf is the uncharged solute bulk feed concentration (mol/m³), gives the following: 
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  
   ePYK
ePYK
C
C
c
c
f
p



exp1
exp


   (7.27) 
The Peclet number (Pe’) is given as 
   
p
pc
p
c
D
PerYK
D
xVYK
eP
8
2


   (7.28) 
Then the rejection (R) for the nanofiltration membrane can be given as 
  
   ePYK
ePYK
C
C
R
c
c
f
p



exp11
exp
11


  (7.29) 
From equations (7.28) and (7.29), it can be noticed that the rejection (R) of uncharged solute 
is independent on the membrane thickness (x). Also from the Peclet number, it can be 
noticed that the uncharged solute rejection depends on the porous radius. 
7.3.2 Rejection of salts 
For charged solute, the ionic flux of component (i) is given as 
dx
d
RT
Dc
VcKj i
pii
icii
,
,    (7. 30) 
where ji is the ionic flux of ion (i) (mol/m².s), Ki,c is the hindrance factor for convection of ion 
(i) (dimensionless), ci is the concentration of ion (i) within the pore (mol/m³), Di,p is the pore 
diffusion coefficient of ion (i) (m²/s), and  i is the electrochemical potential of ion (i) (J/mol). 
The ion flux equation is the same as the uncharged solute flux equation, (refs. 4, 5, 6, 7, 27, 
351), but the difference is that the electrochemical potential for ion (i) is given as 
constantln   FzPVaRT iiii   (7.31) 
where ai is the activity of ion (i) (mol/m³), Vi is the partial molar volume of ion (i) (m³/mol), 
zi is the valence of ion (i) (dimensionless), F is the Faraday constant (96487 C/mol), and  is 
the potential within the pore (V). The activity of ion (i) is given as 
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iii ca      (7.32) 
where  i is the activity coefficient of ion (i) within the pore (dimensionless). Differentiating 
equation (7.31) and substituting it into equation (7.30) and rearranging the equation results in 
dx
d
F
RT
Dcz
dx
dc
D
dx
dP
V
RT
Dc
dx
d
DcVcKj
piiii
pii
piii
piiicii


,
,
,
,,
ln 
 (7.33) 
The ion flux can be written as 
VCj pii ,     (7.34) 
where Ci,p is the solute concentration for component (i) in bulk solution (mol/m
3
). The 
dimensionless group (Y) used for uncharged solute can be written for ion (i) as follows 
2
,8
p
ipi
i
rTR
VD
Y

    (7.35) 
Assuming that the concentration in the pore is small, the activity coefficient ( i) gradient in 
equation (7.33) can be neglected. By substituting equations (7.34) and (7.35) into equation 
(7.33) and rearranging the equation gives the concentration gradient as follows 
  
dx
d
F
RT
cz
CcYK
D
V
dx
dc ii
piiici
pi
i  ,,
,
  (7.36) 
Assuming the electro-neutrality condition in the membrane pore to be as follows 



n
i
dii Xcz
1
    (7.37-a) 
where Xd is the effective membrane charge density (mol/m³), and the electro-neutrality 
condition in the bulk solution is given as 



n
i
iiCz
1
0     (7.37-b) 
where Ci is the concentration in the bulk concentration (mol/m³). Integrating the electro-
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neutrality condition (equation (7.37-a)) over the membrane thickness is the same as 
multiplying equation (7.36) by (zi) and summation for all the ions in the solution where the 
summation is equal to zero according to equation (7.37-b). Therefore, rearranging the 
equation gives the potential gradient as follows 
  







n
i
ii
n
i
piiici
pi
i
cz
RT
F
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D
Vz
dx
d
1
2
1
,,
,
  (7.38) 
In salt separation, the Donnan effect causes ion rejection as a result of the ion and the  
membrane charge. The Donnan-steric partitioning is given as 














D
i
i
o
i
ii
RT
Fz
C
c
exp


  (7.39) 
where ci is the concentration in the membrane (mol/m³), Ci is the concentration in the bulk 
concentration (mol/m³), γi is the activity coefficient of ion (i) in the membrane,  °i is the 
activity of ion (i) in the bulk solution,  is the steric partitioning term and ∆ΨD is the Donnan 
potential (V). The concentration of ions with the same charge as the membrane charge (co-
ions) is higher inside the membrane than that in the solution, while the concentration of ions 
with opposite charge of the membrane charge (counter-ions) is smaller inside the membrane 
than that in the solution. Because of the concentration difference at the membrane/solution 
interface, a potential difference is generated. The potential is known as the Donnan potential. 
The Donnan potential is given as 
mi
i
i
mD
a
a
Fz
RT
,
ln     (7.40) 
where Ψm is the potential in the membrane (V),  is the potential in the solution (V), ai is the 
activity of ion (i) in the solution (dimensionless) and ai,m is the activity of ion (i) in the 
membrane (dimensionless). 
7.4 Nanofiltration membrane fouling 
Fouling decreases the membrane performance and causes a flux decline. Fouling is an 
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irreversible process and need to be cleaned, where the cleaning process includes chemical and 
physical cleaning. Fouling may be caused by precipitation of a solute at the membrane 
surface where the solute solubility is exceeded, deposition of colloidal matters on the 
membrane, solutes reacting at the membrane surface, solutes reacting with the membrane 
material, adsorption of molecules by the membrane, formation of irreversible gel layer and 
colonisation of bacteria. There are several types of fouling such as organic, inorganic, 
particulate and biological fouling. Fouling can be reduced and the membrane life can be 
increased by feed pre-treatment, selecting the appropriate membrane material and module 
design, and the cleaning process, (refs. 7, 8). 
7.4.1 Fouling characterisation 
The clean water flux is used to characterise fouling. The clean water flux is given as 
PA
Q
J
C
T
O


20

   (7.41) 
where JO is the initial water flux, ηT is the water viscosity at temperature (T), η20℃ is the water 
viscosity at temperature 20 ℃, Q is the volume flow rate, A is the membrane surface area, 
and ∆P is the trans-membrane pressure. Equation (7.41) is valid for dilute solution. The flux 
reduction (FR) is determined as follows 
%100


Ob
OaOb
CWF
J
JJ
FR   (7.42) 
where FRCWF is the flux reduction with regards to clean water flux, JOa is the clean water flux 
after feed filtration, and JOb is the clean water flux before feed filtration. Flux reduction can 
also be determined as follows 
%100


Ob
Ob
PF
J
JJ
FR   (7.43) 
where J is the water flux, and FRPF is the flux reduction with regards to permeate flux. Before 
using nanofiltration membrane and measuring the water flux, the membrane is compacted at 
high pressure to avoid membrane compaction during the filtration process. Compaction is not 
considered a form of fouling and is found in nanofiltration membranes. Compaction is due to 
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the applied pressure during the filtration process. Compaction affects the membrane active 
layer and the membrane support layer, and may change these layers’ properties. To overcome 
compaction, the membrane is compacted at high pressure (the applied pressure is higher than 
the operating pressure) before being used to make sure of flux stability during filtration and 
before measuring clean water flux. The modified fouling index (MFI) is used to achieve a 
linear relationship between concentration and flux decline. The modified fouling index (MFI) 
is given as 



tan
210
20 PMFI
T
C     (7.44) 
where  is the solute activity, and MFI is the modified fouling index (s/l²). 
7.4.2 Fouling mechanisms  
When foulant permeates through the membrane, fouling potential increases. Additionally, 
fouling increases if the interaction between the foulants and the membrane overcome the 
electrostatic repulsion between the membrane and the foulants. For laminar conditions, the 
pure water flux for tortuous porous membrane is given as 
MR
P
J


     (7.45) 
where  is the dynamic solvent viscosity, ∆P is the trans-membrane pressure difference, and 
RM is the clean membrane resistance. A fouled membrane resistance consists of several types 
of resistances such as (Rcp), which is the concentration polarisation resistance, (RA), which is 
the resistance due to adsorption, (RG), which is the gel layer resistance, (Rp), which is the 
internal pore fouling resistance and (Rc), which is the cake formation resistance. Then the 
flux for a fouled membrane is given as 
 cpGAcpM RRRRRR
P
J




  (7.46) 
When small molecules exist in the solution, they can develop osmotic pressure at the 
boundary layer. Then the flux is written as 
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MR
P
J


     (7.47) 
where  is the osmotic pressure difference across the membrane. 
7.4.2.1 Concentration polarisation 
Concentration polarisation is defined as the accumulation of the solute in the boundary layer; 
as a result, the solute concentration in the boundary layer is higher than its concentration in 
the bulk solution. The solute is transported into the boundary layer by convection and back to 
the bulk solution by diffusion. The flux in nanofiltration membrane decreases because of 
concentration polarisation, where concentration polarisation increases osmotic pressure and 
causes gel layer to form because of retained particles. See Figure 7-2. 
 
Figure 7-2. Concentration polarisation, (ref. 7). 
The mass conservation for the boundary layer at the membrane surface is given as 
0
dx
dc
DJcJc BLsfp    (7.48) 
where cf is the solute concentration in the feed, Ds is the solute diffusivity, cBL is the solute 
concentration in the boundary layer, x is the distance from the membrane layer, and cp is the 
solute concentration in permeate. Integrating equation (7.48) over the following boundary 
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

xcc
xcc
b
W 0
 
where cw is the solute concentration at the membrane/water (solvent) interface, cb is the solute 
concentration in the bulk concentration and  is the boundary layer thickness, gives 
 
 pb
pW
s
cc
cc
kJ


 ln    (7.49-a) 
where ks is the solute mass transfer coefficient, and it is given as follows 

s
s
D
k      (7.49-b) 
Concentration polarisation can be decreased by increasing the turbulence at the feed side; for 
example, by using cross-flow. When concentration polarisation occurs, it affects the 
membrane performance and the observed retention (ROBS) is given as follows 
%1001 
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





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b
p
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c
c
R   (7.50) 
The observed retention does not give the exact membrane characteristics because the real 
retention is higher due to the increased wall concentration (cW) at the membrane surface. The 
real retention (RO) is given as 
%1001 
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
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c
c
R   (7.51) 
The relation between the real and the observed retention is given as 
WO
O
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OBS
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J
R
R
R
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
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
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

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  1
ln
1
ln   (7.52) 
where J is the water flux (solvent), and kW is the solvent mass transfer coefficient that 
depends on Reynolds number. Concentration polarisation is a reversible process and 
contributes to other fouling problems such as solute adsorption, solute precipitation and gel 
layer formation. Concentration polarisation is controlled by increasing cross-flow velocity, 
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permeate pulsing, ultrasound or electric field. The osmotic pressure is affected by 
concentration polarisation, where the increase in organic and inorganic solutes concentration 
at the membrane surface increases osmotic pressure and as a result, the effective pressure 
decreases and the solvent flux decreases. The osmotic pressure of an inorganic solute (∆π
INORG) is given as 
TR
V
n
j
i
i
iINORG    (7.53) 
where ji is the factor mole increase due to dissociation for solute (i), n is the number of moles, 
R is the ideal gas constant and T is the absolute temperature. The osmotic pressure of an 
organic solute (∆πORG) is given as follows 
3
2
2
21 cAcAcAORG    (7.54-a) 
M
RT
A 1     (7.54-b) 
where Ai is the viral coefficient and M is the average molar mass of organic/polymer. 
Concentration polarisation degree can be expressed by the polarisation modulus (M) as 
follows 







k
J
c
c
M
b
w exp    (7.55) 
where J is the flux and k is the mass transfer coefficient. The concentration polarisation 
modulus is the relation between the increase in the membrane surface concentration relative 
to the bulk solution. Fouling increases as the concentration polarisation modulus increases.  
7.4.2.2 Adsorption 
Adsorption occurs at the membrane surface and in the membrane pores. The partitioning 
coefficient (K) between the membrane and the bulk solution is used to measure the 
adsorption, thus the partitioning coefficient is given as 
Mc
K

     (7.56) 
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where  is the adsorbed quantity of organic material (g/m²), M is the molar mass of the 
adsorbing compound (g/mol) and c is the equilibrium concentration of the solute in the 
solution (mmol/l). The mass balance can be used to measure the adsorbed amount by the 
membrane as follows 
 
n
ccpipff VccVAVc
1
  (7.57) 
where A is the membrane area (cm²),  is the amount of solute adsorbed per surface area 
(ng/cm²), n is the number of permeate samples, cf is the feed solute concentration, cp is the 
solute concentration in the permeate, cc is the concentrate solute concentration, Vf is the feed 
volume, Vp is the permeate volume and Vc is the concentrate volume. 
7.4.2.3 Gel layer 
As the concentration at the membrane wall increases and exceeds the organic solute 
solubility, the organic solute precipitates on the membrane surface and forms a gel layer. 
When a steady state flux reaches the limiting value, where the flux does not increase as the 
pressure increases, the solute solubility limit is reached and a gel layer is formed. The 
limiting flux is given as 
b
G
s
c
c
kJ lnlim     (7.58) 
where cG is the gel layer concentration. The concentration in the boundary layer cannot 
increase beyond the gel layer concentration (cG).   
7.4.2.4 Cake formation 
Cake formation depends on the membrane pore to the particle size ratio. If the solute 
diameter is less than the pore diameter, the solute deposits on the pore walls, thus the flux 
decreases, (refs. 73). If the solute diameter is nearly similar to the membrane pore diameter, 
the solute blocks the membrane pore; as a result, the membrane porosity and the flux 
decreases. If the solute diameter is bigger than the membrane pore diameter, the solute retains 
because of the sieving mechanism, and a cake forms on the membrane surface.  
7.4.2.5 Critical flux and operating conditions 
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The critical flux is the limiting flux, where below its value the flux does not decline with 
time. The critical flux is divided into weak and strong critical fluxes. The strong critical flux 
is the point where the actual flux deviates from the clean water flux. The weak critical flux is 
the point where the flux increase with pressure is not linear. The critical flux increases with 
cross-flow velocity. The increase in the solute concentration decreases the critical flux. In this 
work, the critical flux was considered as an important parameter. Where the critical flux was 
used as an indicator to know if fouling took place during the experimental procedure, this 
would be discussed in more details in chapter 9 about the different experimental procedures 
that can be used - and the used one - to try to find the critical flux. 
7.4.3 Organic fouling 
Organic fouling causes irreversible flux decline because of adsorption and desorption of 
organic material on the membrane. Organic fouling occurs in different shapes such as 
adsorption of molecules, adsorption as a mono-layer, gel formation on the membrane surface, 
cake formation by organic colloids, deposition of organic colloids on the membrane and pore 
blocking. Organic fouling depends on the organic material type and its chemical 
characteristics. Organic materials may cause fouling in different ways such as depositing on 
the membrane or being absorbed by the membrane, thus causing change in the flux and the 
fouling behaviour. The organic materials that cause organic fouling can be a nutrient source 
for microorganisms causing bio-fouling. In addition, organic materials can be absorbed into 
the colloidal, causing them to stabilise and become harder to be removed by the pre-treatment 
process. Adsorption of organic materials can cause fouling or be a reason for another type of 
fouling. Adsorption of organic materials affects the membrane surface characteristics, thus 
result changes the flux through the membrane. Adsorption depends on the membrane pore 
size, the molecular size and shape, and the solution chemistry. Organic materials cause pore 
blocking, which depends on the molecular and pore size. Small molecules that pass through 
the membrane pores and adsorbed by the membrane pore walls causes pore narrowing. As a 
result, the flux declines due to pore blocking and narrowing by organic materials. If the 
solution contains organic materials with salt (especially cations), it causes fouling because the 
organic materials and the cations forms complexes that coagulate or precipitate forming a gel 
layer. Moreover, cations cause intermolecular bridging between the organic materials and the 
membrane. 
7.4.4 Scaling 
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Scaling occurs when the solute concentration exceeds its solubility limit; as a result, the 
solute precipitate on the membrane in a form of a hard scale. Scaling decreases the flux and 
reduces the membrane lifetime. Scaling in nanofiltration membrane depends on the salt 
concentration in the concentrate, pH, temperature, velocity, time, ionic strength, super-
saturation ratio, membrane surface roughness, substrate material, membrane material and 
membrane module type. Scaling in nanofiltration mostly occurs at the concentrate stream 
because of the high solute concentration, (refs. 7, 116). As the solution permeates through 
nanofiltration membrane, the concentration of rejected solutes at the boundary layer increases 
more than in the bulk solution, thus super-saturation increases in the boundary layer and 
scaling risk increases. Scaling increases as the permeate flux increases and the flow velocity 
decreases. The concentration polarisation factor in the boundary layer is given as 
 yKCPF iexp    (7.59) 
where K is the semi-empirical constant that depends on the permeate flux and ion diffusivity, 
and y is the permeate recovery fraction. The common scalants that cause scaling in 
nanofiltration membrane are calcium sulphate (CaSO4), which precipitate as gypsum 
(CaSO4.2H2O), calcium carbonate (CaCO3), which forms dense and extremely adherent 
deposits (it cause a major problem in nanofiltration membrane), barium sulphate (BaSO4), 
strontium sulphate (SrSO4), silica, which is a big problem for nanofiltration membrane 
because its scaling cleaning is expensive, and calcium phosphate. 
7.4.5 Colloidal and particle fouling 
Flux and permeate retention decreases because of accumulated and retained colloidal and 
particulates on the membrane surface. Colloidal particles are suspended particles of the size 
ranging between few nanometers to few micrometers. Colloidal foulants include inorganic 
materials such as silica, organic materials such as synthetic organics, and biological materials 
such as bacteria maters. Nanofiltration membrane properties contribute to the colloidal 
fouling, where nanofiltration membrane with high hydraulic resistance enables a colloidal 
cake layer to form before fouling is detected. 
7.4.6 Bio-fouling 
Bio-fouling is caused by microbial organisms where they grow and form microbial bio-films 
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at the membrane surface. Bio-fouling causes blockage of pores, modules collapse and cause 
the biodegradation of nanofiltration membrane, (refs. 49, 113). Microbes are transported 
toward the membrane by passive diffusion, gravitational settling or active movement. Bio-
fouling starts by the adhesion of organisms to the membrane surface; the rate of microbial 
deposition on the membrane depends on the fluid theological properties. When 
microorganisms are attached to the membrane surface, they start to grow. Microorganisms 
keep growing and building more bio-films, forming microclines where a cohesive layer of 
glycocalyx holds microorganisms together. Bio-film in membranes can be detected by 
comparing the cell counts in the inlet and outlet streams. Furthermore, when comparing the 
feed solution and the retentate solution samples for cluster of microorganisms sloughed, if the 
cluster of microorganisms sloughed was found in the retentate and none was found in the 
feed, this means there is bio-film formed inside the membrane or on the membrane surface. 
In addition, scanning electron microscopy can be used to detect bio films by analysing the 
membrane space surfaces. Flux declines strongly when colonisation and bio film starts, but 
after a period of time, flux decline becomes slower because of the equilibrium between bio-
film growth and removal.          
7.4.7 Fouling prevention and cleaning  
Fouling can be reduced in nanofiltration membrane by using pre-treatment processes such as 
settling the matter until a free particle feed is achieved. Biocides and chlorine pre-treatment 
are used to avoid bio-fouling. Microfiltration and ultrafiltration membranes can be used as a 
pre-treatment process for nanofiltration membrane. Nanofiltration membrane can be modified 
to avoid fouling such as producing a more resistant membrane, more hydrophilic or a 
membrane with a higher fixed charge. The disadvantage of membrane modification is that the 
modifying materials take space inside the membrane, thus the membrane flux decreases. 
Fouling in nanofiltration membrane can be removed by physical and chemical cleaning 
methods. Physical cleaning includes back flush, forward flush, reverse flush, scrubbing, air 
sparge, carbon dioxide (CO2) back permeation, vibrations and sonication. In chemical 
cleaning, bonds and adhesion forces between nanofiltration membrane and foulants are 
broken down by a chemical reaction. Cleaning depends on the membrane and foulants. 
Alkaline cleaning is used to remove organic foulants from membrane surface and pores. Acid 
cleaning is used to remove scaling (precipitated salts) from the membrane surface and pores. 
Enzymatic cleaning is used to clean bio-fouling and polysaccharides foulants. Enzymes are 
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used when the pH is neutral, and care must be taken to prevent the enzyme from attacking the 
membrane. Cleaning processes depend on the foulant type and the membrane tolerance 
toward the cleaning method. The cleaning process recovery can be determined by measuring 
the flux for clean water before and after filtration, and after the cleaning process. The flux is 
measured to find if it is recovered and returned to its original value. The water flux recovery 
(WFR) is given as follows 
o
c
J
J
WFR      (7.60) 
where Jc is the flux after cleaning and Jo is the original flux of the unfouled membrane. The 
clean water flux recovery (CWFR) through the membrane is given as follows 
c
o
J
J
CWFR      (7.61) 
Cleaning effectiveness can be determined by investigating the cleaning solution by measuring 
its pH, turbidity, colour, total solids (TS) and cations amount. Comparing the amount of 
particles removed by the cleaning solution to the amount remaining in the membrane gives 
information about the cleaning process efficiency and foulants reversibility. Cleaning process 
efficiency increases by increasing the temperature but it’s restricted to the membrane 
tolerance toward the heat. Nanofiltration membranes can be cleaned at temperatures equal to 
50 ℃, if it can tolerate it. High temperature is good to enhance foulants as the heat removes 
sensitive microbes. During the cleaning process, high pressure is not used because it causes 
foulants to move deeper inside the membrane and compact at the membrane walls, which is 
true for open nanofiltration membrane. 
7.5 Summary 
In this chapter, nanofiltration membrane was discussed in more detail such as the effect of the 
membrane charge on ions rejection, the effect of the solute interaction with the membrane 
material and with other solutes on their rejection, fouling mechanisms and the effect of 
membrane type on ions rejection. Nanofiltration membranes were divided into polymeric and 
ceramic membranes. Ceramic nanofiltration membrane was used in this work because it has 
more advantages over polymeric membranes. In addition, characterisation methods that are 
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used in characterising nanofiltration membrane and the chemical reactions that affect the 
rejection were discussed. The chemical reactions were considered in this work in-order to try 
to understand and justify the rejection behaviour of nanofiltration membrane (see chapter 8). 
In addition, the separation theory for charged and uncharged molecules was discussed, which 
would be explained in more detail for charged solutes in chapter 9. 
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Chapter 8 Experiments   
Nanofiltration membranes can be classified into two major groups, which are polymeric and 
ceramic nanofiltration membranes. Ceramic nanofiltration membrane was used in this work 
because it has more advantages over the polymeric nanofiltration membranes. At the begging 
of this work, polymeric flat sheet nanofiltration membranes were used, but there were several 
difficulties and disadvantages in using them related to the membrane and the membrane rig, 
which resulted in switching over to ceramic nanofiltration membranes. For example, in some 
cases distilled water did not permeate through the polymeric nanofiltration membrane under 
several TMP values. In addition, the membrane rig used to bend as the TMP was increased 
which was a disadvantage; because high TMP values were needed to obtain solution 
permeation through the membrane and cause ions rejection. In this chapter several methods 
where used to characterise the ceramic nanofiltration membrane such as determining the 
membrane critical flux, the membrane ions rejection, the membrane fixed charge and the 
membrane active layer physical properties. The used methods in characterising nanofiltration 
membrane such as the critical flux methods, the types of ceramic nanofiltration membranes, 
which were used in the experiments, and the results obtained by using them are discussed in 
details through this chapter.  
8.1 Methods 
One way of characterising nanofiltration membrane is by determining its critical flux. The 
critical flux is the flux where below it no decrease in the flux with time occurs, and above it 
fouling can be observed. There are two forms of the critical flux: the strong critical flux and 
the weak critical flux. The strong critical flux is the flux where TMP starts to deviate from the 
distilled water flux, and the membrane resistance for the solution and distilled water is the 
same. The weak critical flux is the flux where all of its values are lower than that of the 
distilled water flux, where the membrane resistance for the solution is different from that of 
the distilled water, and the membrane resistance changes with the increasing flux after the 
critical flux is reached. See Figure 8-1. When distilled water permeates through the 
membrane, the permeate flux is linearly proportional to the trans-membrane pressure (TMP). 
On the other hand, when a solution permeates through the membrane, the relation between 
the permeate flux and the TMP is not linearly proportional. As a result, the critical flux is the 
flux where the TMP deviates from the distilled water flux or it is the flux at which 
irreversible fouling occurs. The critical flux overcomes the particle’s repulsion and causes the 
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particles to coagulate on the membrane surface. (refs. 17, 24, 25, 30, 47, 60, 66, 72, 86, 94, 
96, 97, 121, 130, 131, 187, 198, 210, 212, 248, 256, 257, 289, 339). 
 
Figure 8-1. The strong and the weak critical flux, (ref. 3). 
Critical flux should be differentiated from the limiting flux. The limiting flux is known as the 
maximum flux that can be reached by increasing the TMP. As a result, the flux value would 
not increase by increasing the TMP above the limiting value. In addition, the limiting flux is 
also known as the maximum flux were no fouling occurs. The critical flux increases with the 
increase in particle size and cross flow velocity, and decreases with the increase in 
concentration. The critical flux is measured in different ways, which are as follows 
8.1.1 Flux-pressure observation 
Flux and pressure can be used to measure the critical flux either by keeping the flux constant 
and changing the pressure, or by keeping the pressure constant and changing the flux. If the 
constant pressure method was used, the process does not depend on time and fouling is 
reduced because of the steady state flux. Using the constant pressure method gives an idea 
about the sustainability of the process. When the constant flux method is used, the fouling 
rate can be determined. In this method, fouling increases because of the increase in pressure 
with time. In the constant flux method, the pressure is changed for a specified pressure 
interval. Moreover, in the constant pressure method, the flux is changed for a specified flux 
interval. For the constant flux mode, the TMP should stay constant for each different flux and 
any increase in the TMP indicates that fouling has occurred. In the constant pressure mode, 
fouling is indicated by the flux decrease. For both methods, the critical flux is determined by 
plotting the flux versus TMP. The relation between the flux and the TMP is linear for 
distilled water; as a result, any deviation from the line means that fouling occurred and the 
relation becomes nonlinear. The point at which the behaviour becomes nonlinear is the 
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critical flux point. However, if the relation between the flux and the TMP is linear and the 
slope gradient is less than that of the distilled water, the critical flux is of the weak type.    
In the pressure-step method, the flux is increased in step form and then decreased. The first 
step is to set the flux to be equal to J1 and leave the process to reach the steady state 
condition; the TMP is then recorded and set to be equal to TMP1. The second step is to 
increase the flux to be equal to J2 until it reaches the steady state condition. The flux is then 
decreased to its initial value J1, and the TMP value is recorded as TMP
`
1. The difference 
between TMP1 and TMP
`
1 is called the deviation. If the deviation is equal to zero, fouling did 
not occur. Then the flux is increased to J2, and left to reach a steady state condition, thus the 
TMP is recorded as TMP2. After this, the flux is increased to J3 and left to reach the steady 
state condition, and then decreased to J2. After the flux is decreased to J2 value, the TMP is 
recorded as TMP
`
2. If the difference between TMP2 and TMP
`
2 was equal to zero, fouling did 
not take place. The above procedure is followed until a deviation is reached and the critical 
flux point is determined. Irreversible fouling can be determined by the pressure-step method. 
For example, if the flux is increased by two steps and decreased by one step (as mentioned 
earlier) and measuring the TMP at each step, if the flux does not return back to its original 
value after increasing and decreasing the flux, this means that irreversible fouling occurred. 
See Figure 8-2. 
 
Figure 8-2. Critical flux determination by the pressure-step method, (ref. 3). 
In the flux-step method, the change of TMP at constant fluxes is measured. In the first step, 
the process is run at constant flux J1 for period of time t. For each step, both the initial and 
final TMP is recorded as TMP
1
i and TMP
1
f. In the second step, the flux value is increased to 
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J2 and run for period of time t, and the initial and final TMP is recorded as TMP
2
i and TMP
2
f. 
See Figure 8-3. The previous procedure is repeated over different values of fluxes. The initial 
increase in TMP is given as 
n
f
n
i TMPTMPP 
!
0   
(8.1) 
Moreover, the rate of increase in TMP is given as 
   ninfninf ttTMPTMP
dt
dP
 /
  
(8.2) 
In addition, the average TMP is given as 
  2/ninfave TMPTMPP     (8.3) 
 
 Figure 8-3. Critical flux determination by the flux-step method, (ref. 12). 
Another method to measure the critical flux value is by comparing the pure distilled water 
permeate flux behavior to that of the solution permeate flux behavior. In this method, the 
inlet flux is kept constant for all of the different TMP. And the permeate flux is measured for 
distilled water and solution at each different TMP for a specific period of time. Then the 
permeate flux is plotted versus TMP and from the line deviation between the pure distilled 
water and the solution, the critical flux can be determined. This procedure was used as the 
main method in this work. In some experiments, the flux-step method was also used in order 
to compare the results with the method mentioned above and to see if there would be a 
difference between the two methods and if they had different impacts on salt separation. The 
pressure-step method was not used because it was hard to keep the TMP constant while 
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changing the flux. In order to keep the TMP constant, the permeate pressure had to be 
controlled but in this case was hard because the permeate volume was very small; as a result, 
it was hard to control the pressure by using a pump. 
8.1.2 Mass balance 
The critical flux can be determined by measuring the solute concentration in the inlet, outlet 
and permeate, where the rate of solute deposition on the membrane surface can be calculated 
from the permeate flux and concentration. The first step is to measure the adsorption rate of 
solute particles by the membrane, where the experiment is run at permeate flux equal to zero. 
The second step is to calculate the deposition rate at different permeate fluxes. The deposition 
rate can be calculated from the concentration logarithmic rate and adsorption rate (at 
permeate flux equal to zero). Where the deposition rate is given as  
Deposition rate = concentration logarithmic rate – adsorption rate (8.4) 
The concentration logarithmic rate is given as the gradient A in the following equation: 
At
C
C
Ln t 





0   
(8.5) 
where C
  
o is the feed concentration at time 0, C
  
t  is the feed concentration at time t, and t is 
the time. The third step is to plot the permeate flux versus deposition rate and from the graph 
the critical flux is determined. The critical flux is considered the flux at which deposition rate 
is equal to zero.  
8.1.3 Membrane rejection 
This work is concerned with the separation of ions from solution by using ceramic 
nanofiltration membrane. The rejection (R) of ion (i) is given as 
      
   
   
     (8.6) 
where Ci,p is the concentration of ion (i) in the permeate (mol/m³) and Ci,f is the concentration 
of ion (i) in the feed (mol/m³). The TMP was calculated as follows 
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              (8.7) 
Where the pressure at the permeate side was assumed to be equal to zero, and as a result the 
TMP would be as follows 
      
               
 
     (8.8) 
8.2 Experimental selection 
In the beginning of this work, polymer flat sheet nanofiltration membranes were used to try to 
understand the separation behaviour of ions from brackish water by using nanofiltration 
membrane. However, many obstacles were encountered during the experiments and the 
obtained results were not satisfactory. An example of the encountered obstacles was the 
bending of the membrane rig as the TMP pressure was increased even though the used TMP 
values were low and did not exceed 1.2 bar. In addition, the distilled water permeation 
through the membrane samples was not consistence. Thus, the membranes were changed to 
tubular ceramic nanofiltration membrane. The chosen membranes were TiO2 ceramic 
nanofiltration membranes with 0.9 and 1.0 nm mean pore radius. To try to understand the 
separation behaviour of the ceramic nanofiltration membrane and the parameters that would 
affect the membrane rejection, thus several approaches and parameters were taken into 
consideration such as the ions valences, the ions type, the ions feed concentration, TMP 
values, the feed volumetric flux, the feed solution pH value and the membrane pore radius. At 
the beginning of this work, for both ceramic nanofiltration membranes with 0.9 and 1.0 nm 
mean pore radius and for different TMP values, the ions feed concentration, the ions types 
and the ions valencies were considered and their effect on the ions rejection were observed. 
Then for ceramic nanofiltration, membrane with 1.0 nm mean pore radius the effect of the 
feed solution pH on the ions rejection was studied. In addition, the effect of the feed solution 
volumetric flux at the lowest TMP value on the rejection of ions was studied. This approach 
was considered to try to find out what role would the electrical potential (in Nernst-Planck 
equation) play in the rejection of ions by ceramic nanofiltration. The pH parameter is known 
to have an effect on the membrane charge and consequently affects the ions rejection for that 
it was taken into consideration. The zeta potential for both membranes was measured in-order 
to find the membrane charge and under what conditions it would change because it is a very 
important parameter that would explain the ions rejection behaviour by ceramic nanofiltration 
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membrane. In addition, the membranes cross sectional pictures were taken to find the 
thickness of the membrane active layer. These variables are discussed in more details in the 
following sections. See figure 8-4. 
 
Figure 8-4. The experiments that were done during this work. 
8.3 Zeta potential measurements 
Two different procedures were used to measure the membrane zeta potential to find what 
factors affect the membrane zeta potential. In the first procedure, one salt was used to prepare 
two solutions with different concentrations. For each solution the pH was changed from 3 to 
10 values. This was done in order to study the effect of pH and concentration on the 
membrane zeta potential. In the second procedure, four salts were used, where three different 
concentration solutions for each salt were prepared. This was done in order to study the effect 
of salt type and concentration on the membrane zeta potential. 
8.3.1 Different pH values 
In order to measure the membrane zeta potential, sodium chloride (NaCl) salt was used. Two 
solutions were prepared using NaCl at two different concentrations; the concentrations that 
were used were 0.01M and 0.1M. Then the pH of each solution was changed to different 
values ranging between 3 and 10. The pH of these two solutions was changed using 0.1M 
HCl solution and 0.1M NaOH solution. This was done in order to study the effect of pH and 
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concentration on membrane zeta potential. After preparing the solution, the crushed 
membrane was added to these solutions. For 0.01M concentration solution, the zeta potential 
decreased as the pH increased. See Figure 8-5. While for 0.1M concentration solution, the 
zeta potential did not have a specific trend but in general, but in general, the membrane zeta 
potential decreased as the pH increased. See Figure 8-6. From 0.01M solution, it was found 
that the membrane had an ISP around 9.3. From 0.1M solution, it was found that the 
membrane had three ISPs, which were 4.8, 5.5 and 8.2. These results were not accurate, 
which might be due to the impurities within the membrane that were not removed by cleaning 
the membrane only with distilled water. Thus to obtain more accurate results the crushed 
membrane was soaked in HCl solution to remove any type of impurities that would affect the 
ISP. 
 
Figure 8-5. Zeta potential at 0.01M concentration. 
 
Figure 8-6. Zeta potential at 0.1M concentration. 
The same procedure was followed, but before adding the membrane powder to the solutions 
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afterwards, the membrane powder was washed with distilled water until it had a neutral pH 
value. Then the membrane was added to 0.01M and 0.1M NaCl solutions. For 0.01M 
concentration solution, the zeta potential decreased as the pH increased, where the ISP was at 
pH 5. See Figure 8-7. While for 0.1M concentration solution, the membrane zeta potential 
decreased as the pH increased, and the ISP was at pH 4.6. See Figure 8-8. The higher the pH, 
the more negative the membrane zeta potential was. As the concentration increased, the ISP 
decreased. In addition, the zeta potential values were higher for 0.01M NaCl solution than 
0.1M NaCl solution.        
 
Figure 8-7. Zeta potential at 0.01M concentration. 
  
Figure 8-8. Zeta potential at 0.1M concentration. 
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different solutions at three different concentrations. The salts that were used were sodium 
chloride (NaCl), magnesium chloride (MgCl2), sodium nitrate (NaNO3) and sodium sulphate 
(Na2SO4). Three different solutions of each salt were prepared at three different 
concentrations. The concentrations that were used are 0.01M, 0.1M and 1.0M. After 
preparing the solutions, the membrane was washed with distilled water then left to dry; 
afterwards, the membrane was crushed into a powder using crushing crucible. After crushing 
the membrane, the membrane powder was soaked in 0.1M HCl solution for 24 hours; 
afterwards, the membrane powder was washed with distilled water until it had a neutral pH 
value. Then the membrane powder was added to the prepared solutions and was left to settle 
down and the top layer of the solution was taken to measure its zeta potential. The membrane 
zeta potential was measured using a zeta-sizer device. The membrane had positive zeta 
potential values when MgCl2 and NaNO3 solutions were used and negative values when 
Na2SO4 was used. However, when NaCl solution was used, the membrane had a negative 
zeta potential value for the 0.01M concentration solution, but positive zeta potential values 
for 0.1M and 1.0M solutions. See Figure 8-9. It was noticed that the membrane zeta potential 
is affected by salt type and the salt concentration.  
 
Figure 8-9. Zeta potential versus concentration for four different salts solutions. 
8.4 SEM- EDXS pictures 
Pictures for the membrane active layer and the membrane support layer for both the 0.9 and 
1.0 nm nanofiltration membranes were taken. The device that was used to obtain these photos 
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Inc, Paoli, PA, USA). The pictures for the membrane active layer were taken at different 
scales. From these pictures, the membrane active layer thickness was measured which was 
used in the modelling of the Nernst-Planck equation, see chapter 9.  
8.4.1 0.9nm membrane active layer and its supporting layer 
The membrane active layer and the membrane support layer are shown in figure 8-10. The 
membrane support layer is identified in figure 8-11. See appendix 5.  
 
Figure 8-10. 0.9nm membrane at 100.0µm. 
 
Figure 8-11. 0.9nm membrane at 5.0µm. 
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8.4.2 1.0nm membrane active layer and its supporting layer 
The whole membrane, including the membrane active layer and the membrane support layer, 
is shown in figure 8-12. The membrane active layer appears more clearly, at two different 
scales, in figures 8-13 and 8-14. See appendix 6. 
 
Figure 8-12. 1.0nm membrane at 1.0mm. 
 
Figure 8-13. 1.0nm membrane at 100.0µm. 
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Figure 8-14. 1.0nm membrane at 50.0µm. 
8.5 Ceramic membrane experiments 
In this work, a tubular ceramic nanofiltration membrane was used (the membrane made of 
TiO2, with 7.0 mm I.D, 10.0 mm O.D and length of 190 mm, with 0.9 and 1.0 nm mean pore 
radius, from inopor company); see Figure 8-15. It was used to desalinate water samples 
containing sodium chloride, sodium nitrate, sodium sulphate, magnesium chloride, and 
calcium chloride. The salt concentration value that was used is 0.1 M. To study the separation 
behaviour of the membrane, distilled water was used at first, and then distilled water with 
single or tertiary salt solution. The results of distilled and brackish water were compared to 
describe the separation behaviour and to find out if fouling took place. (refs. 44, 54, 97, 98, 
104, 107, 125, 139, 154, 201, 240, 306, 312, 351).  
 
Figure 8-15. TiO2 nanofiltration membrane with two different pore diameters. 
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The bench scale membrane rig is shown in Figure 8-16. The main components are a variable 
speed pristatic pump (type 603S, Watson-Marlow, UK), magnetic stirrer (RW20, IKAMAG, 
UK), glass container (10 l), tubular membrane module, pressure-relief valve, PVC-reinforced 
flexible piping, marprene flexible piping for the pump (Watson-Marlow, UK), flow-meter 
(Gemü Gebr Müller, Germany), pH/ORP controller (Oakton), Accumet pH/Ion/Conductivity 
Meter (Fisher Scientific, Model 50),  balance and stop watch. The membrane module, which 
was used during the experiments, is shown in Figure 8-18. This module was constructed by 
Toshio Baldeón (ref. 313). 
 
Figure 8-16. Bench scale of the NF membrane rig. 
 
Figure 8-17. Schematic diagram of the tubular NF membrane rig, (ref. 242). 
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Figure 8-18. Schematic of tubular membrane module that was used in the experiments (refs. 242, 313). 
8.5.1 Materials  
The salts that were used in the experiments were sodium chloride (NaCl), sodium nitrate 
(NaNO3), sodium sulphate (Na2SO4), magnesium chloride (MgCl2) and calcium chloride 
(CaCl2). All of these salts were obtained from Sigma-Aldrich. The chosen salts were with 
high purities as follows, NaNO3 ≥ 99%, NaCl ≥ 99.5%, Na2SO4 ≥ 99.99%, MgCl2 ≥ 99.99% 
and CaCl2 ≥ 99.99%. The solution pH was controlled using sodium hydroxide (NaOH ≥ 
99.99%) and hydrochloric acid (HCl 5.0M), in addition NaOH was used in cleaning the 
membrane.  
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8.5.2 Experimental procedure 
The same experimental procedure was followed for the two different sets of solutions for 
both 0.9 and 1.0nm membranes. At first, distilled water was used to permeate through 0.9 nm 
and 1.0 nm membranes at constant inlet volumetric flow rate equal to 3.056E-5 m
3
/s (110 
l/h), where the inlet pressure was increased from 0.3 bar to 2.0 bar, which gives TMP values 
between 0.2 bar to 1.9 bar. The pressure was increased at 0.2 intervals each 30 minutes. 
Permeates for both membranes were collected for 25 minutes. The pH and conductivity for 
each sample were measured to make sure that the process was stable and there was nothing 
affecting the process. The same procedure was followed for the brackish except that the inlet 
pressure was increased each 90 minutes for 0.9 nm membranes and 60 minutes for 1.0 nm 
membrane.  For 0.9 nm membrane, the permeate sample was taken each 85 minutes and for 
1.0 nm each permeate sample was taken each 55 minutes. After each experiment the 
membrane was cleaned as follows; at first the membrane was washed with distilled water 
several times to make sure that the ions from the solution were removed from the process, the 
checking was done by measuring the water conductivity from the outlet side and the permeate 
side. After that, the membrane was cleaned with 0.1M NaOH solution for 1 hour, and then 
the membrane was washed with distilled water several times until the ions were removed 
from the process. The final step was cleaning the membrane continuously for at least 18 
hours with distilled water, and the process was checked to be cleaned and the ions were 
removed  by measuring the water conductivity from the outlet side and the permeate side. 
After cleaning the membrane, a run for distilled water was done in-order to compare the 
permeation of the distilled water through the membrane before and after the permeation of a 
solution through the membrane. Such procedure can help in determining the type of permeate 
flux and if fouling took place during the experiment or not.  
The ion concentration was measured by using ion chromatography and ICP-AES. The ion 
chromatography measured the anion’s concentration and ICP-AES measured the cation 
concentration. Ion chromatography equipment is a Dionex DX600 Ion Chromatograph. The 
column is a Dionex AS4A-SC. The detector is a conductivity cell and the mobile phase is a 
mixture of Na2CO3/NaHCO3. The ICP-AES samples are diluted and then acidified with nitric 
acid to approximately 3%HNO3. The concentration of cations and anions were measured 
using the above equipments because the permeate sample volumes were too small for any 
alternative method such as titration.    
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8.5.3 First experimental set (first concentration) 
Two different sets of solutions were used, where either the cation or the anion was the 
common ion. The salts that were used were sodium chloride (NaCl), sodium nitrate (NaNO3), 
sodium sulphate (Na2SO4), magnesium chloride (MgCl2), and calcium chloride (CaCl2). The 
first set consisted of sodium chloride (NaCl), sodium nitrate (NaNO3) and sodium sulphate 
(Na2SO4), while the second set consisted of sodium chloride (NaCl), magnesium chloride 
(MgCl2), and calcium chloride (CaCl2). At first, a single solution of each salt was prepared 
with 0.1M concentration. Then a mixed solution of the three salts was prepared at 0.1M 
concentration for each salt. Single and tertiary salt solutions were used to compare the effect 
of ion type and ion charge on separation. 
8.5.3.1 0.9 nm membrane 
8.5.3.1.1 Common cation 
Sodium nitrate (NaNO3) diluted in distilled water was the first solution to be used. NaNO3 
permeate flux (volume flux based on the membrane area) through the membrane increased 
from 6.5E-08 to 4.0E-07 m
3
/m
2
/s as the TMP increased. It was found that the rejection of 
nitrate ions was slightly higher than the rejection of sodium ions. The highest rejection for 
both ions was at the lowest TMP, where the rejection of NO3
1-
 was about 63% and the 
rejection of Na
1+
 was about 53%. When excluding the minimum TMP value, in general it can 
be noticed that the rejection of NO3
1-
 remained almost constant as the TMP increased, while 
the rejection of Na
1+
 slightly increased as the TMP increased. In addition, the rejection for 
both ions had more negative values, which means that no rejection was taking place and the 
ions were passing through the membrane. See Figure 8-19. In addition, when comparing the 
permeation of distilled water through the membrane, before and after NaNO3 solution 
permeation through the membrane, it was found that distilled water permeation was higher 
than NaNO3 solution. This means that fouling did not occur or it was weak and did not have 
an effect on separation. The pH and conductivity of the inlet and retentate were measured. 
The conductivity of both solutions remained almost constant as the TMP increased, while the 
pH increased as the TMP increased. See Figures 8-20 and 8-21. The pH and the conductivity 
of the permeate were not measured because the permeate volume produced by the membrane 
was not enough to get a reading.   
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Figure 8-19. Sodium nitrate rejection versus TMP. 
 
Figure 8-20. pH of sodium nitrate solution versus TMP. 
 
Figure 8-21. Conductivity of sodium nitrate solution versus TMP. 
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The second solution was prepared by diluting sodium sulphate (Na2SO4) in distilled water. 
Na2SO4 permeate flux (volume flux based on the membrane area) through the membrane 
increased from 2.8E-08 to 5.0E-07 m
3
/m
2
/s as the TMP increased. It was found that the 
rejection of sulphate (SO4
2-
) ions was higher than the rejection of sodium (Na
1+
) ions. Where 
the rejection of SO4
2-
 ions almost remained constant at lower TMP, the SO4
2-
 rejection started 
to increase as the TMP increased. See Figure 8-22. The highest rejection of SO4
2-
 was about 
31% at a TMP value equal to 1.9 bar. On the other hand, the Na
1+
 rejection did not have a 
specific trend. However, as the TMP reached 1.1 bar, the Na
1+
 rejection started to increase 
and almost stayed constant as the TMP passed 1.5 bar value. Na
1+
 had some negative 
rejection values, which means it passed freely through the membrane. The highest rejection 
of Na
1+
 was about 8% at a TMP value equal to 1.5 bar. When comparing the permeation of 
distilled water through the membrane, before and after the sodium sulphate (Na2SO4) solution 
permeation through the membrane, it was found that distilled water permeation was higher 
than the permeation of sodium sulphate (Na2SO4) solution. This means that fouling did not 
occur or was weak and did not have an effect on separation. The pH and conductivity of the 
inlet and retentate were measured. The pH of both solutions increased as the TMP increased. 
See Figure 8-23. The conductivity of both solutions was almost constant as TMP increased; 
then the conductivity increased when the TMP reached 0.9 bar and almost remained constant, 
and then decreased when TMP reached 1.5 bar and almost remained constant. See Figure 8-
24. The pH and the conductivity of permeate were not measured because the permeate 
volume produced by the membrane were not enough to get a reading. 
 
Figure 8-22. Sodium sulphate rejection versus TMP. 
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Figure 8-23. pH of sodium sulphate solution versus TMP. 
 
Figure 8-24. Conductivity of sodium sulphate solution versus TMP. 
The third solution was prepared by diluting sodium chloride (NaCl) in distilled water. NaCl 
permeate flux (volume flux based on the membrane area) through the membrane increased 
from 1.6E-08 to 9.7E-07 m
3
/m
2
/s as the TMP increased.  It was found that the rejection of 
chloride (Cl
1-
) ions was higher than the rejection of sodium (Na
1+
) ions, where the rejection 
of Cl
1-
 ions increased as the TMP increased. See Figure 8-25. The highest rejection of Cl
1-
 
was about 22% at a TMP value equal to 1.9 bar. On the other hand, the Na
1+
 rejection 
increased as TMP increased, but decreased as TMP reached 1.5bar. In general, Na
1+
 had 
negative rejection values, which means it passed freely through the membrane. The highest 
rejection of Na
1+
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(NaCl) solution permeation through the membrane, it was found that distilled water 
permeation was higher than that of the sodium chloride (NaCl) solution. This means that 
fouling did not occur or was weak and did not have an effect on separation. The pH and 
conductivity of the inlet and retentate solutions were measured. The pH of both solutions 
increased as the TMP increased. See Figure 8-26. The conductivity of the inlet solution was 
almost constant as TMP increased, while the conductivity of retentate solution remained 
constant until TMP reached 0.675 bar where it decreased, but increased when the TMP 
reached 1.5 bar; thus after this point, the conductivity decreased. See Figure 8-27. The pH 
and conductivity of permeate were not measured because the permeate volume produced by 
the membrane were not enough to get a reading. 
 
Figure 8-25. Sodium chloride rejection versus TMP.  
 
Figure 8-26. pH of sodium chloride solution versus TMP. 
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Figure 8-27. Conductivity of sodium chloride solution versus TMP. 
The forth solution that was used was prepared by diluting sodium sulphate (Na2SO4), sodium 
nitrate (NaNO3) and sodium chloride (NaCl) in distilled water. See Figure 8-28. The mixed 
salt solution permeates flux (volume flux based on the membrane area) through the 
membrane increased from 4.7E-09 to 5.0E-07 m
3
/m
2
/s as the TMP increased. It was found 
that the rejection of ions took the following trend: R of sulphate (SO4
2-
) > R of nitrate (NO3
1-
) 
> R of chloride (Cl
1-
) > R of sodium (Na
1+
). The rejection of all anions decreased after the 
first TMP and remained almost constant as the TMP increased. The highest rejection for all 
anions was at the lowest TMP. The highest SO4
2-
 rejection was about 62%, the highest NO3
1-
 
rejection was about 51%, and the highest Cl
1-
 rejection was about 42%. The rejection of 
cation Na
1+
 decreased after the first TMP and almost stayed constant as the TMP increased. 
The highest Na
1+
 rejection was about 37%. In general, cation Na
1+
 had negative rejection 
values, which means that it passed freely through the membrane. When comparing the 
permeation of distilled water through the membrane, before and after the mixed solution 
permeation through the membrane, it was found that distilled water permeation was higher 
than that of the mixed solution. This means that fouling did not occur or it was weak and did 
not have an effect on separation. The pH and conductivity of the inlet and retentate were 
measured. The pH of both solutions increased as the TMP increased. See Figure 8-29. The 
conductivity of the inlet and retentate solutions did not have a specific trend but in general, it 
decreased as TMP increased. See Figure 8-30. The pH and conductivity of permeate were not 
measured because the permeate volume produced by the membrane was not enough to get a 
reading. 
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Figure 8-28. Mixed salt rejection versus TMP. 
 
Figure 8-29. pH of mixed salt solution versus TMP. 
 
Figure 8-30. Conductivity of mixed salt solution versus TMP. 
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Several factors affect ion rejection, such as ion charge density, ion concentration and 
membrane charge. Therefore, rejection of ions would differ, where the rejection of divalent 
ions should be higher than mono-valent ions. The co-ions (have the same charge as the 
membrane charge) with higher valences would have a higher rejection because the repulsion 
interaction with the membrane charge would be more effective. The counter-ions (have an 
opposite charge of the membrane charge) with small ion valences would have higher 
rejection because the membrane charge shielding would be weak. Higher concentration 
would cause counter-ions to shield the membrane charge, thus decreasing rejection. Rejection 
of co-ions because of repulsion interaction with the membrane charge is known as the 
Donnan effect. Donnan exclusion has less of an effect on mono-valent ions when compared 
to divalent ions. Because of the Donnan exclusion effect, the membrane would reject counter-
ions to maintain electro-neutrality condition in the solution.  
In addition, different species of the same element (ion) may exist in a solution, with different 
concentrations of the various species. This depends on the solution conditions such as pH, 
pressure, temperature, total component concentration and component ionic strength. The 
different species of a specific component are a result of transformation processes, which are 
acid-base transformation, oxidation-reduction reaction, complexation, precipitation and 
adsorption. These transformation processes have an effect on species distribution and 
consequently affect ion retention behaviour.  
Acid-base transformation affects the membrane rejection, where membrane rejection is 
influenced by the gain and loss of protons that is associated by the solute acid-base 
behaviour. Acid-base behaviour is a result of the change in ion speciation, where speciation is 
the existence of ions in various forms as the solution pH changes. Ion speciation may include 
formation of different types of species with more or less charge and may include change in 
dominance from dissolved to solid states. In this case, the species concentration is a function 
of pH. Acid-base formation at different pH values affects ion rejection, where co-ions are 
rejected by the membrane because of the repulsion interaction with the membrane charge; 
hence, counter-ion concentration increases in order to keep the electro-neutrality condition. 
As ion concentration increases, the membrane charge would be shielded, causing rejection to 
decrease.  
Complexation is the interaction between cationic and anionic species in the aqueous solution, 
which would result in the formation of a variety of soluble species alongside the actual 
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species. Complexation depends on pH, reactant concentration and temperature. The formed 
complex’s rejection is affected by its size and charge.   
Precipitation has an effect on ion rejection. If solid species precipitate, its retention would 
increase, but this would be accompanied by concentration polarisation. The accumulation of 
solutes in the concentration polarisation layer adjacent to the membrane may lead to a more 
rapid exceedance of the solute solubility constraints than in the homogenous solution, causing 
it to be rejected by the membrane. Nanofiltration membrane rejects precipitates, where 
precipitate rejection depends on size exclusion, the Donnan exclusion and adsorption effect. 
The Donnan exclusion is a result of the interaction between the membrane charge and the 
solute (precipitate) charge, where the Donnan exclusion effect decreases as the counter-ion 
concentration increases because the counter-ion would shield the membrane charge. In 
addition, the Donnan exclusion decreases as the solute concentration increases. 
The oxidation-reduction transformation has an effect on nanofiltration membrane rejection, 
where the oxidation-reduction transformation may cause changes in the element’s form such 
as dissolved/precipitated and charged/uncharged. The redox transformation would have 
dramatic changes on the retention of the element of interest if the product is in solid form and 
the reactant is in dissolved form or vise versa. However, if the redox transformation results in 
a product of different charges to the initial species, it would have significant changes on 
retention but less dramatic than the above case. 
In addition, adsorption of solutes by the membrane would alter the membrane rejection 
behaviour. Adsorption takes place at the membrane surface or in the membrane pores. 
Additionally, adsorption of solutes by the membrane increases as the solute concentration 
increases. Membrane rejection decreases as adsorption of solutes increases, causing 
membrane fouling.  
When comparing the experiment results, it was found that the ion charge and size had an 
effect on the rejection of ions. Furthermore, the electrostatic interaction between the 
membrane charge (where the membrane charge is negative for the conditions used during 
these experiments, see section 8.3) and the ion charge plays a significant role, if it is not 
overcome by another factor. In the case of sodium nitrate (NaNO3), the rejections of cations 
and anions were negative (except at the lowest TMP value). This means that the electrostatic 
interaction between the membrane and ion charges was not strong enough to overcome the 
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effect of TMP on rejection. At the lowest TMP, the rejection of anion NO3
1-
 was slightly 
higher than the rejection of cation Na
1+
. In this case, the ion size did play role on the rejection 
of NO3
1-
. Since both ions have the same charge strength and electrostatic interaction with the 
membrane charge would be at the same magnitude, and because of the neutrality condition at 
both sides of the membrane, the anion rejection was higher because of its bigger ion size. 
Additionally, the ion charge did play a role in the rejection because NO3
1-
 had the same 
charge as the membrane, which caused its repulsion away from the membrane, thus causing 
its rejection. While for Na
1+
, it had an opposite sign of the membrane charge, which increased 
the permeate of Na
1+
 through the membrane. These are known as the surface forces, where 
they do not depend on the TMP and stay constant as the TMP increases. Convection transport 
(depends on pressure gradient) did not cause any kind of rejection of anion NO3
1-
, where the 
ions passed freely through the membrane as the TMP increased. In the case of the cation 
Na
1+
, convection transport can be considered to play a positive role because the rejection of 
Na
1+
 increased from negative rejection to zero rejection. Diffusion transport, which is caused 
by the concentration gradient across the membrane, did not have an effect on the rejection of 
anion NO3
1-
 because there was no rejection of NO3
1-
. While the rejection of cation Na
1+
 can 
be considered to increase as the TMP increased, but still in the negative value, this means that 
Na
1+
 permeating though the membrane decreased as the TMP increased.  
In the case of sodium sulphate (Na2SO4
2-
), the rejection of anion SO4
2-
 was higher than the 
rejection of cation Na
1+
, which may be due to the Donnan exclusion and ion size. The 
electrostatic interaction (Donnan exclusion) between the membrane charge (which is negative 
in this case) and SO4
2-
 charge causes repulsion between the membrane charge and SO4
2-
charge, which results in the rejection of the SO4
2-
 ion. On the other hand, the cation Na
1+
 is 
attracted by the membrane charge, thus it passes freely through the membrane. SO4
2-
 
rejection was higher than Na
1+
 rejection due to its higher ion charge (which is the same as the 
membrane charge) and its bigger ion size. The higher rejection of SO4
2-
 than that of Na
1+
 
rejection can also be related to the neutrality condition at both sides of the membrane. Where 
SO4
2-
 had to diffuse through the membrane to neutralize the charge on the permeate side, 
because it has double the charge of that of Na
1+
, it means that a lower amount of SO4
2-
 is 
needed to diffuse through the membrane to cause charge neutrality. This reason explains the 
low rejection of both ions. For SO4
2-
 ion, convective transport decreased as the TMP 
increased. While for Na
1+
, convective transport increased as the TMP increased then 
decreased as the TMP increased. Besides this, SO4
2-
 rejection would be higher than Na
1+
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rejection due to ion complexation where more anions were formed such as HSO4
1-
 (the pH of 
inlet solution increased as the TMP increased). Since the membrane charge is negative, 
repulsion between HSO4
1-
 and the membrane charge would occur and as a result, SO4
2-
 
rejection increased. While Na
1+
 rejection by the membrane decreased because of the ion 
complexation, Na
1+
 ions had to pass through the membrane to keep the electro-neutrality 
condition because H
1+
 ions were interacting with SO4
2-
 thus forming HSO4
1-
.  
In the case of sodium chloride (NaCl), the rejection of anion Cl
1-
 was higher than the 
rejection of cation Na
1+
. This may be due to electrostatic interaction between the membrane 
charge (which is negative in this case) and the ion charge. The rejection of Cl
1-
 is a result of 
the repulsion between the membrane charge and Cl
1-
 charge. On the other hand, the cation 
Na
1+
 is attracted by the membrane charge and passes freely through the membrane. Cl
1-
 
rejection was higher than Na
1+
 rejection because it has same charge as the membrane charge 
and bigger ion size. The low rejection of both ions can be explained by the electro-neutrality 
condition at both sides of the membrane. Where Cl
1-
 and Na
1+
 had to diffuse through the 
membrane to neutralize the charge on the permeate side, this condition reduced ion rejection. 
However, for Cl
1-
 this effect is lower because it has bigger ion size and the same charge as 
the membrane. For Cl
1-
 ion, convective transport decreased as the TMP increased. While for 
Na
1+
, convective transport decreased as the TMP increased then decreased as the TMP 
increased. 
In the case of mixed salt solution, the rejection of ions took the following trend: R of sulphate 
(SO4
2-
) > R of nitrate (NO3
1-
) > R of chloride (Cl
1-
) > R of sodium (Na
1+
). When excluding 
the lowest TMP pressure, it was noticed that for all the ions the rejection stayed almost 
constant as the TMP increased. Na
1+
 had the lowest rejection values and negative rejection 
values. The rejection of ions can be explained by the Donnan exclusion, electro-neutrality 
condition at both sides of the membrane and ion size. Since the anions had the same charge as 
the membrane, this would cause repulsion of the anions away from the membrane and back to 
the solution. Since the cation Na
1+
 had an opposite charge of the membrane charge, this 
caused the cation to pass through the membrane and decrease its rejection rate. The ion size 
had an influence on rejection where rejection increased as the ion size increased; as a result, 
the rejection of ions had the following trend: R of sulphate (SO4
2-
) > R of nitrate (NO3
1-
) > R 
of chloride (Cl
1-
) > R of sodium (Na
1+
). Since SO4
2-
 has the biggest ion size, it had the highest 
rejection, which was about 62%, followed by NO3
1-
 where its rejection was about 51%, 
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followed by Cl
1-
 with a rejection value about 42% and Na
1+
 with a rejection value of 36%. 
Furthermore, electro-neutrality played an important role in the rejection of ions. To maintain 
the electro-neutrality condition at both sides of the membrane, ions had to pass through the 
membrane, which explains the low rejection values for both the cation and the anions. 
Especially for Na
1+
, since it is the only cation in the solution, this might explain the lowest 
rejection rate of all the ions. If H
1+
 and OH
1-
 (come from H2O) were included in the 
separation process, the H
1+
 ion would react with SO4
2-
 forming HSO4
1-
. As a result, more 
Na
1+
 has to pass through the membrane to maintain the electro-neutrality condition, and this 
explains the low rejection of Na
1+
 ion. In addition, the pH of the inlet and retentate solutions 
increased as the TMP increased, which supports this explanation. For higher TMP values, the 
mentioned conditions above would be considered negligible when comparing them to the 
pressure force. This might explain the decrease in rejection rate as the TMP increased. 
Moreover, since it is the main driving force, this would explain why the ion rejections 
remained constant as the TMP increased.
 
When comparing the separation of ions from single salt solution and mixed salt solution, it 
was noticed that the rejection of cation Na
1+
 from single salt solution or mixed salt solution 
did not differ. This means that Na
1+
 was not affected by the anion type or concentration of 
cation or anions. The same was noticed for SO4
2-
 and Cl
1-
 anions, where their rejections from 
single salt solution and mixed salt solution were almost similar. This means that their 
rejections were not affected by the existence of other types of anions. On the other hand, this 
did not imply for NO3
1-
 anion, where its rejection from mixed salt solution was higher than its 
rejection from the single salt solution.   
8.5.3.1.2 Common anion 
The first solution was prepared by diluting magnesium chloride (MgCl2) in distilled water. 
MgCl2 solution permeates flux (volume flux based on the membrane area) through the 
membrane increased from 8.1E-08 to 2.30E-06 m
3
/m
2
/s as the TMP increased.  It was found 
that the rejection of chloride ions was slightly higher than the rejection of magnesium ions. 
The highest rejection for both ions was at the lowest TMP, where the rejection of Cl
1-
 was 
about 38.4% and the rejection of Mg
2+
 was about 39%. When excluding the minimum TMP 
value, in general, it was noticed that the rejection of Cl
1-
 and Mg
2+
 remained almost constant 
as the TMP increased, where the rejection of Cl
1-
 ions was more stable, and the rejection of 
Mg
2+
 had more negative values, which means that no rejection took place and the Mg
2+
 ions 
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were passing freely through the membrane. See Figure 8-31. Also, when comparing the 
permeation of distilled water through the membrane, before and after MgCl2 solution 
permeation through the membrane, it was found that the distilled water permeation was 
higher than MgCl2 solution. This means that fouling did not occur or it was weak and did not 
have an effect on the separation process. The pH and conductivity of the inlet, retentate and 
permeate solutions were measured. The pH of the inlet and retentate solutions decreased as 
the TMP increased, but after TMP reached 1.1 bar, the pH remained constant. The permeate 
pH remained constant as the TMP increased. See Figure 8-32. The conductivity of the inlet 
increased as the TMP increased, but after the TMP reached 0.74 bar value, the conductivity 
decreased and remained constant. The conductivity of the retentate almost remained constant 
as the TMP increased. The permeate conductivity increased as the TMP increased. See Figure 
8-33.  
  
Figure 8-31. Magnesium chloride rejection versus TMP.  
 
Figure 8-32. pH of magnesium chloride solution versus TMP. 
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Figure 8-33. Conductivity of  magnesium chloride solution versus TMP. 
The second solution was prepared by diluting calcium chloride (CaCl2) in distilled water. 
CaCl2 permeate flux (volume flux based on the membrane area) through the membrane 
increased from 7.6E-08 to 2.0E-06 m
3
/m
2
/s as the TMP increased.   It was found that the 
rejection of calcium (Ca
2+
) ions was slightly higher than the rejection of chloride (Cl
1-
) ions. 
When excluding the lowest TMP value, it was found that the rejection of both ions remained 
constant as the TMP increased. The highest rejection of both ions was at the lowest TMP, 
where the rejection of Ca
2+
 was about 52% and the rejection of Cl
1-
 was about 48%. See 
Figure 8-34. When comparing the permeation of distilled water through the membrane, 
before and after calcium chloride (CaCl2) solution permeation through the membrane, it was 
found that distilled water permeation was higher than the permeation of calcium chloride 
(CaCl2) solution. This means that fouling did not occur or was weak and did not have an 
effect on separation. The pH and conductivity of the inlet, retentate and permeate were 
measured. The pH of the inlet and retentate decreased as the TMP increased. The permeate 
pH remained constant as the TMP increased. See Figure 8-35. The conductivity of the inlet 
and the retentate remained constant as the TMP increased. The permeate conductivity 
increased as the TMP increased, but after the TMP reached 1.3 bar, the conductivity 
remained constant as the TMP increased. See Figure 8-36.  
The third solution was prepared by diluting sodium chloride (NaCl) in distilled water. See 
section 8.5.3.1.1 (the previous section). 
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Figure 8-34. Calcium chloride rejection versus TMP. 
 
Figure 8-35. pH of calcium chloride solution versus TMP. 
 
Figure 8-36. Conductivity of  calcium chloride solution versus TMP. 
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The forth solution that was used was prepared by diluting sodium chloride (NaCl), 
magnesium chloride (MgCl2) and calcium chloride (CaCl2) in distilled water. See Figure 8-
37. The mixed salt solution permeates flux (volume flux based on the membrane area) 
through the membrane increased from 6.0E-08 to 1.70E-06 m
3
/m
2
/s as the TMP increased.  It 
was found that the rejection of ions took the following trend: R of chloride (Cl
1-
) > R of 
calcium (Ca
2+
) > R of magnesium (Mg
2+
) > R of sodium (Na
1+
). The rejection of all cations 
decreased after the first TMP and remained almost constant as the TMP increased. In 
addition, the highest rejection for all cations was at the lowest TMP. The highest Ca
2+
 
rejection was about 57.6%, the highest Mg
2+
 rejection was about 58.3%, and the highest Na
1+
 
rejection was about 53.9%. In general, cation Na
1+
 had negative rejection values, which 
means that it passed freely through the membrane. The rejection of cation Cl
1-
 decreased after 
the first TMP and almost stayed constant as the TMP increased. The highest Cl
1-
 rejection 
was about 51%. When comparing the permeation of distilled water through the membrane, 
before and after the mixed solution permeation through the membrane, it was found that 
distilled water permeation was higher than that of the mixed solution. This means fouling did 
not occur or it was weak and did not have an effect on separation. The pH and conductivity of 
the inlet, retentate and permeate were measured. The pH of the inlet, retentate and permeate 
decreased as the TMP increased. See Figure 8-38. The conductivity of the inlet and the 
retentate remained constant as the TMP increased. The permeate conductivity increased as 
the TMP increased. See Figure 8-39.  
 
Figure 8-37. Mixed salt rejection versus TMP. 
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Figure 8-38. pH of  mixed salt solution versus TMP. 
 
Figure 8-39. Conductivity of  mixed salt solution versus TMP. 
When comparing the experimental results, it was found that several factors affect the 
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membrane pores than Cl
1-
. Everything mentioned above is true except at the lowest TMP, 
where the rejection of Cl
1-
 is lower than the rejection of Mg
2+
, which might be explained by 
the electro-neutrality condition. In order to reach charge equilibrium at both sides of the 
membrane, some ions have to pass through the membrane. Because Mg
2+
 has a higher ion 
charge than Cl
1-
, this means that less amount of Mg
2+
 has to permeate through the membrane 
to cause electro-neutrality. This might explain the higher rejection of Mg
2+
 at the lowest TMP 
value. The small values of rejection are due to TMP, where it overcomes the Donnan 
exclusion effect between the ion charge and the membrane charge, thus forcing the ions to 
pass through the membrane. Convection transport, which depends on the pressure gradient, 
did not have any effect on the rejections of Cl
1-
 and Mg
2+
, where the ions passed freely 
through the membrane as the TMP increased. The electro-neutrality condition might explain 
the reason for low rejection values as the TMP increases, where the ions diffuse from high 
concentration to lower concentration until equilibrium is reached, and in this case, until 
charge equilibrium is reached. Since the TMP force has more effect than any other force that 
would cause ion rejection, this would cause the ions to pass more freely through the 
membrane, resulting in low rejection values. In the case of sodium chloride (NaCl), see the 
previous section 8.5.3.1.1 
In the case of calcium chloride, the rejection of anion Ca
2+
 was higher than the rejection of 
cation Cl
1-
. This cannot be explained by the electrostatic interaction (Donnan exclusion) 
between the membrane charge (which is negative) and the ion charge, where Cl
1-
 rejection 
should be higher than the rejection of Ca
2+
. Because Ca
2+
 has an opposite sign from that of 
the membrane, which causes attraction between the membrane and Ca
2+
, this should cause 
Ca
2+
 to pass more freely through the membrane. Even this cannot be explained by the ion 
size, where Ca
2+
 has a smaller ion size than Cl
1-
, where theoretically Cl
1-
 ions should have 
higher rejection than Ca
2+
 ions, but in this case, Ca
2+
 ions had higher rejection than Cl
1-
. Cl
1-
 
ion rejection is a result of its repulsion away from the membrane because Cl
1-
 has the same 
charge as the membrane. 
 As the TMP increased, the rejection of both ions (Ca
2+
 and Cl
1-
) decreased and almost stayed 
constant. This may be due to the electro-neutrality condition at both sides of the membrane, 
where both ions (Ca
2+
 and Cl
1-
) have to pass through the membrane to the permeate side to 
reach an electro-neutrality condition. In addition, the higher rejection of Ca
2+
 ions may be 
related to electro-neutrality condition, where Ca
2+
 has higher charge value than Cl
1-
; as a 
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result, less amount of Ca
2+
 ions have to permeate through the membrane to cause the electro-
neutrality condition. Therefore, Ca
2+
 ions would have higher rejection than Cl
1-
 ions. Because 
of the electro-neutrality condition, the concentration of Ca
2+
 at the inlet side would increase, 
which might have shielded the membrane charge. As a result, the membrane charge effect on 
rejection would decrease, which might explain the higher rejection of Ca
2+
 than Cl
1-
 rejection. 
For both ions (Ca
2+
 and Cl
1-
), convective transport increased as the TMP increased. 
In the case of mixed salt solution, the rejection of ions took the following trend: R of chloride 
(Cl
1-
) > R of calcium (Ca
2+
) > R of magnesium (Mg
2+
) > R of sodium (Na
1+
). This is true 
except at the lowest TMP value. When excluding the lowest TMP pressure, it has been 
noticed that for all the ions, the rejection stayed almost constant as the TMP increased. Na
1+
 
had the lowest rejection values and negative rejection values. The rejection values of these 
ions can be explained by the ion charge, where Cl
1-
 has a negative charge the same as the 
membrane charge, which causes repulsion between the membrane and Cl
1-
 ions; as a result, 
Cl
1-
 ion would have a higher rejection than the other ions, while the cations Ca
2+
, Mg
2+
 and 
Na
1+
 have the opposite charge sign of that of the membrane charge sign, which causes 
attraction by the membrane and they pass more freely through the membrane. Furthermore, 
ion size plays a part in the rejection results, where the ion size of the cations and anion used 
took the following trend: (Cl
1-
) ion size > calcium (Ca
2+
) ion size > sodium (Na
1+
) ion size > 
magnesium (Mg
2+
) ion size. Since Cl
1-
 ion has the biggest ion size, as a result the Cl
1-
 ion had 
the highest rejection. Then the Ca
2+
 ion had the second-highest rejection. Nevertheless, this 
cannot explain why Mg
2+
 had a higher rejection than Na
1+
, even though the Na
1+
 ion has a 
bigger ion size than the Mg
2+
 ion.  
In general, the low rejection values of the three cations and one anion may be due to the 
electro-neutrality condition at both sides of the membrane, where ions permeate from the feed 
side (high concentration) to the permeate side (lower concentration) to fulfil the charge 
equilibrium condition. Another reason behind the low rejection may be due to membrane 
charge shielding by the cations Ca
2+
, Mg
2+
 and Na
1+
. As a result, the Donnan exclusion effect 
would be weak, thus membrane rejection would decrease. In addition, low rejection values 
may be due to higher TMP values, where it became stronger than the other factors causing 
lower ion rejection.  
The rejection of ions at the lowest TMP took the following trend: R of magnesium (Mg
2+
) > 
R of calcium (Ca
2+
) > R of sodium (Na
1+
) > R of chloride (Cl
1-
). This cannot be explained by 
Chapter 8  Experiments 
203 
 
the ion size because Cl
1-
 has the biggest ion size, and in this case, it had the lowest rejection. 
Besides, the Mg
2+
 ion has the smallest ion size and had the highest rejection. In addition, the 
ion charge cannot explain it because the three cations (Ca
2+
, Na
1+
 and Mg
2+
) had an opposite 
charge sign from that of the membrane charge and still had higher rejection than the rejection 
of the anion (Cl
1-
). This result might be due to membrane charge shielding by the cations 
Ca
2+
, Mg
2+
 and Na
1+
. Where the net charge in the membrane pores would be positive, as a 
result increasing the rejection of the cations Ca
2+
, Mg
2+
 and Na
1+
 because of repulsion. 
Moreover, Cl
1-
 rejection decreases because of the attraction by the positive charge, where it 
would pass freely through the membrane. 
When comparing separation of ions from the single salt and mixed salt solutions, it was 
noticed that the rejection of cation Mg
2+
 from the mixed salt solution was higher than its 
rejection from the single salt solution. For the Ca
2+
 ion case, its rejection from the single salt 
solution was higher than its rejection from the mixed salt solution. For the Na
1+
 case, there 
was not a difference between its rejection from the single salt solution and that of a mixed 
salt solution. This means that Na
1+
 ion rejection was not affected by the existence of another 
type of cation. The same goes for Cl
1-
 ion, where its rejections from single salt and mixed salt 
solutions were almost similar, which implies that its rejection did not depend on other ion 
types or its concentration in the solution. Concentration of Cl
1-
 did not have an effect on its 
rejection because it had a similar rejection trend from either single salt or mixed salt 
solutions.  
8.5.3.2 1.0 nm membrane 
8.5.3.2.1 Common cation 
The first solution that was used was prepared by diluting sodium sulphate (Na2SO4) in 
distilled water. Na2SO4 permeate flux (volume flux based on the membrane area) through the 
membrane increased from 5.4E-07 to 1.0E-05 m
3
/m
2
/s as the TMP increased. It was found 
that the rejection of sulphate (SO4
2-
) ions was higher than the rejection of sodium (Na
1+
) ions. 
When excluding the lowest TMP value, the rejection of SO4
2-
 ions almost remained constant 
as the TMP increased. See Figure 8-40. The highest rejection of SO4
2-
 was about 33.6% at the 
lowest TMP value, which was equal to 0.195 bar. On the other hand, the Na
1+
 rejection 
decreased as the TMP increased, and as the TMP reached 1.5 bar, the rejection of Na
1+
 
started to increase. Na
1+
 had some negative rejection values, which means it passed freely 
through the membrane. The highest rejection of Na
1+
 was about 20.0% at the lowest TMP. 
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When comparing the permeation of distilled water through the membrane, before and after 
sodium sulphate (Na2SO4) solution permeation through the membrane, it was found that 
distilled water permeation was higher than the permeation of sodium sulphate (Na2SO4) 
solution. This means that fouling did not occur or was weak and did not have an effect on 
separation. The pH and conductivity of the inlet, retentate and permeate solutions were 
measured. The pH of the inlet and retentate increased as the TMP increased, while the 
permeate pH almost remained constant as the TMP increased. See Figure 8-41. The 
conductivity of the inlet and the retentate almost remained constant as the TMP increased. 
The permeate conductivity did not have a specific trend, but it can be considered almost 
constant as the TMP increased. The permeate conductivity was higher than the inlet and the 
retentate conductivity. See Figure 8-42.  
In the case of sodium sulphate, the rejection of anion SO4
2-
 was higher than the rejection of 
cation Na
1+
. This may be due to electrostatic interaction between the membrane charge 
(which is negative) and the ion charge, which is known as the Donnan exclusion. The 
rejection of SO4
2-
 is a result of the repulsion between the membrane charge and SO4
2-
 charge. 
On the other hand, the cation Na
1+
 is attracted by the membrane charge where it passes freely 
through the membrane, and this might explain the negative rejection values. Also, higher 
rejection of SO4
2-
 than Na
1+
 might be due to its higher ion charge (which is the same as the 
membrane charge) and bigger ion size, where Na
1+
 has a small ion size, thus it can pass more 
freely through the membrane pores. In addition, the higher rejection of SO4
2-
 than that of 
Na
1+
 rejection can also be related to the electro-neutrality condition at both sides of the 
membrane. Were SO4
2-
 had to diffuse through the membrane to neutralize the charge on the 
permeate side, since it has double the charge of that of Na
1+
, this means that a lower amount 
of SO4
2-
 is needed to diffuse through the membrane to cause electro-neutrality. This reason 
explains the low rejection of both ions. For the SO4
2-
 ion, convective transport almost stayed 
constant as the TMP increased. While for Na
1+
, convective transport increased as the TMP 
increased then decreased as the TMP increased. In addition, the lower rejection of Na
1+
 than 
that of SO4
2-
 may be related to the solute acid-base behaviour, where the acid-base behaviour 
is a result of speciation, where the solute exists in various forms. The main solute ions were 
Na
1+
 and SO4
2-
, and because of speciation, several ions would form such as HSO4
1-
.  
Na2SO4 + H2O → Na
1+
 + SO4
2-
 + H
1+
 + OH
1-
 
As a result, the rejection of SO4
2-
 and HSO4
1-
 would be higher than the rejection of OH
1-
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because they had higher ion size. Moreover, OH
1-
 would pass through the membrane to 
maintain electro-neutrality condition at both sides of the membrane. This could be supported 
by the increase in pH of the inlet and retentate solutions. See Figure 8-41. 
 
Figure 8-40. Sodium sulphate rejection versus TMP. 
 
Figure 8-41. pH of  sodium sulphate solution versus TMP. 
 
Figure 8-42. Conductivity of sodium sulphate solution versus TMP. 
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The second solution that was used was prepared by diluting sodium nitrate (NaNO3) in 
distilled water. NaNO3 permeate flux (volume flux based on the membrane area) through the 
membrane increased from 5.3E-07 to 9.0E-06 m
3
/m
2
/s as the TMP increased. It was found 
that the rejection of nitrate (NO3
1-
) ions was higher than the rejection of sodium (Na
1+
) ions. 
The highest rejection for both ions was at the lowest TMP, where the rejection of NO3
1-
 was 
about 36.0% and the rejection of Na
1+
 was about 30.2%. When excluding the minimum TMP 
value, the rejection of NO3
1-
 and Na
1+
 almost remained constant as the TMP increased. See 
Figure 8-43. In addition, when comparing the permeation of distilled water through the 
membrane — before and after NaNO3 solution permeation through the membrane — it was 
found that the distilled water permeation was higher than the NaNO3 solution. This means 
fouling did not occur or was weak and did not have an effect on separation. The pH and 
conductivity of the inlet, retentate and permeate were measured. The pH of the inlet and 
retentate increased as the TMP increased, while the permeate pH slightly decreased as the 
TMP increased. See Figure 8-44. The conductivity of the inlet, the retentate and the permeate 
almost remained constant as the TMP increased. The permeate conductivity was higher than 
the inlet and the retentate solution’s conductivity. See Figure 8-45. 
The rejections of NO3
1-
 and Na
1+
 were low, which means that the electrostatic interaction 
between the membrane charge and ion charge was not strong enough to overcome the effect 
of TMP on rejection. The higher rejection of NO3
1-
 than Na
1+
 can be explained by the ion 
charge and size. Where the NO3
1-
 ion has the same charge sign as the membrane, this would 
cause repulsion between the membrane and NO3
1-
 ion, and as a result, the NO3
1-
 ion would 
move away from the membrane back to the solution causing its rejection. While the Na
1+
 ion 
has an opposite charge sign from that of the membrane that would cause attraction between 
them, thus the Na
1+
 ion would pass more freely through the membrane. Furthermore, the 
NO3
1-
 ion has a bigger ion size than the Na
1+
 ion, which would be harder for the NO3
1-
 ion to 
pass through the membrane pores than the Na
1+
 ion; as a result, the NO3
1-
 had higher 
rejection than Na
1+
. These are known as the surface forces, where they do not depend on the 
TMP and stay constant as the TMP increases. When excluding the lowest TMP, convection 
transport (which depends on the pressure gradient) was almost constant as the TMP 
increased. This means that it did not have an effect on the rejection of both ions NO3
1-
 and 
Na
1+
. Low rejection values of both ions may be due to electro-neutrality conditions, where 
ions would pass through the membrane until electro-neutrality condition is reached at both 
sides of the membrane. 
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Figure 8-43. Sodium nitrate rejection versus TMP. 
 
Figure 8-44. pH of  sodium nitrate solution versus TMP. 
 
Figure 8-45. Conductivity of  sodium nitrate solution versus TMP. 
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The third solution that was used was prepared by diluting sodium chloride (NaCl) in distilled 
water. NaCl permeate flux (volume flux based on the membrane area) through the membrane 
increased from 2.3E-07 to 3.9E-05 m
3
/m
2
/s as the TMP increased. It was found that the 
rejection of chloride (Cl
1-
) ions was lower than the rejection of sodium (Na
1+
) ions, where the 
rejection of Cl
1-
 ions had more values that are negative. See Figure 8-46. The highest 
rejection of both ions was at the lowest TMP, where the rejection of Cl
1-
 was about 34.7% 
and the rejection of Na
1+
 was about 37.3%. When comparing the permeation of distilled 
water through the membrane, before and after sodium chloride (NaCl) solution permeation 
through the membrane, it was found that distilled water permeation was higher than that of 
the sodium chloride (NaCl) solution. This means that fouling did not occur or was weak and 
did not have an effect on separation. The pH and conductivity of the inlet, retentate and 
permeate solutions were measured. The pH of the inlet and retentate increased as the TMP 
increased, while the pH of the permeate increased after TMP reached the value of 0.9 bar, 
and then remained almost constant as the TMP increased. See Figure 8-47. The conductivity 
of the inlet and retentate increased as the TMP increased, while the permeate conductivity 
decreased as the TMP increased. The permeate conductivity was higher than the inlet and the 
retentate solution’s conductivity. See Figure 8-48. 
In the case of sodium chloride (NaCl), the rejection of anion Na
1+
 was higher than the 
rejection of cation Cl
1-
. This cannot be explained by the ion size and ion charge because Cl
1-
 
has a bigger ion size than Na
1+
, and as a result, Cl
1-
 should have a higher rejection than Na
1+
. 
Moreover, these results cannot be explained by the ion charge, because Cl
1-
 has the same 
charge sign as that of the membrane, thus repulsion occurs, causing the Cl
1-
 ion to diffuse 
back to the solution, resulting in higher Cl
1-
 rejection. In addition, convective transport cannot 
explain these results because convective transport stayed constant as the TMP increased. 
These results might be explained by ion diffusivity through the membrane material. If Cl
1-
 
has a higher diffusivity coefficient through the membrane material than Na
1+
, it would pass 
more easily through the membrane, thus resulting in lower rejection than Na
1+
. Another 
approach in explaining these results is through the solution pH and the existing ions. Where 
the pH of the inlet and retentate solutions increased as the TMP increased, which means it 
became more basic, where the exciting solute and solvent ions,  
NaCl + H2O → Na
1+
 + Cl
1-
 + H
1+
 + OH
1-
 
Since Na
1+
 rejection is higher than Cl
1-
, the solution pH is increasing by the increase in TMP 
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and to maintain the electro-neutrality at both sides of the membrane, as a result, the 
membrane rejected OH
1-
 and H
1+
 passed freely through the membrane. The electro-neutrality 
condition can explain the low rejection values for Na
1+
 and Cl
1-
, where the ions had to move 
from a higher charged concentration area to a lower charge concentration area until the 
electro-neutrality condition is reached at both sides of the membrane. In addition, membrane 
charge shielding by the ions would cause lower rejection by the membrane. 
 
Figure 8-46. Sodium chloride rejection versus TMP. 
 
Figure 8-47. pH of  sodium chloride solution versus TMP. 
 
Figure 8-48. Conductivity of  sodium chloride solution versus TMP. 
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The fourth solution that was used was prepared by diluting sodium sulphate (Na2SO4), 
sodium nitrate (NaNO3) and sodium chloride (NaCl) in distilled water. See Figure 8-49. The 
mixed salt solution permeates flux (volume flux based on the membrane area) through the 
membrane increased from 2.4E-07 to 3.3E-05 m
3
/m
2
/s as the TMP increased. When 
excluding the minimum TMP, it was found that the rejection of ions took the following trend: 
R of sodium (Na
1+
) > R of nitrate (NO3
1-
) > R of chloride (Cl
1-
) > R of sulphate (SO4
2-
). The 
rejection of all anions decreased after the first TMP and stayed almost constant as the TMP 
increased. The highest rejection for all anions was at the lowest TMP, and it took the 
following trend: R of sulphate (SO4
2-
) > R of nitrate (NO3
1-
) > R of sodium (Na
1+
) > R of 
chloride (Cl
1-
). The highest SO4
2-
 rejection was about 53.3%, the highest NO3
1-
 rejection was 
about 46.9%, the highest Cl
1-
 rejection was about 43.2% and highest Na
1+
 rejection was about 
45.6%. In general, the anions NO3
1-
, Cl
1-
 and SO4
2-
 had negative rejection values, which 
mean that at some point they passed freely through the membrane. When comparing the 
permeation of distilled water through the membrane, before and after the mixed solution 
permeation through the membrane, it was found that distilled water permeation was higher 
than that of the mixed solution. This means that fouling did not occur or it was weak and did 
not have an effect on separation. The pH and conductivity of the inlet, retentate and permeate 
were measured. The pH of the inlet and retentate increased as the TMP increased, while the 
pH of permeate decreased as the TMP increased. See Figure 8-50. The conductivity of the 
inlet, the retentate and permeate almost remained constant as the TMP increased. The 
permeate conductivity was lower than the inlet and the retentate conductivity. See Figure 8-
51. 
The charge effects and the ion size can explain the higher rejection of NO3
1-
 and SO4
2-
 ions  
Cl
1-
 and Na
1+
 ions at the lowest TMP. Since NO3
1-
 and SO4
2-
 anions have the same charge as 
the membrane charge, this would cause repulsion of the anions away from the membrane and 
back to the solution. In addition, NO3
1-
 and SO4
2-
 ions have a bigger ion size than Cl
1-
 and 
Na
1+
 ions, which means their permeation through the membrane would be more difficult than 
Cl
1-
 and Na
1+
 ions, causing them to be rejected by the membrane. On the other hand, Na
1+
 
lower rejection may be due to the opposite charge of that the membrane charge, which caused 
the cation to pass through the membrane, thus decreasing its rejection rate, while Cl
1-
 lower 
rejection cannot be explained either by its ion size or ion charge, since it had the same charge 
of the membrane then it should have had a higher rejection than Na
1+
; also, it has a bigger ion 
size than Na
1+
, but still had a lower rejection. If acid-base transformation is considered to 
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play a role, lower rejection of Cl
1-
 than Na
1+
 might be affected by it. Where acid-base 
transformation includes loss and gain of protons, as a result, different types of species would 
have formed such as HSO4
1-
. To obtain the electro-neutrality at both sides of the membrane, 
Cl
1-
, Na
1+
 and H
1+
 ions would permeate through the membrane decreasing Cl
1-
 and Na
1+
 
rejections. The increase in the pH of the inlet and retentate as the TMP increased supports 
this assumption. The permeate pH decreased as the TMP increased because more H
1+
 ions 
were permeating through the membrane to obtain the electro-neutrality condition at both 
sides of the membrane. Also, this might be explained by its diffusivity through the 
membrane, if Cl
1-
 had higher diffusivity ability through the membrane material then it would 
have lower rejection, and this might be the case.  
 
Figure 8-49. Mixed salt rejection versus TMP. 
 
Figure 8-50. pH of  mixed salt solution versus TMP. 
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Figure 8-51. Conductivity of  mixed salt solution versus TMP. 
The low rejection values might be due to electro-neutrality condition and TMP, where to 
maintain the electro-neutrality conditions at both sides of the membrane, ions had to permeate 
through the membrane from a high concentration area to a low concentration area, resulting 
in low rejection values. Furthermore, the TMP effect would overcome the ion size and ion 
charge effects where they can be considered negligible when compared to the pressure force; 
as a result, the rejection rate would decrease as the TMP increased. In addition, since it is the 
main driving force, this would explain why the ion rejections remained constant as the TMP 
increased. 
When comparing separation of ions from a single salt solution and from a mixed salt solution, 
it was noticed that the rejection of cation Na
1+
 from single salt solution or a mixed salt 
solution did not differ. This means that Na
1+
 was not affected by the anion type or 
concentration. The same was noticed for Cl
1-
 where its rejection from a single salt solution 
and a mixed salt solution was almost similar. This means that their rejections were not 
affected by the existence of another type of anion. On the other hand, this did not imply for 
NO3
1-
 and SO4
2-
 anion, where their rejection from a mixed salt solution was lower than their 
rejection from a single salt solution. This means their rejection was affected by the existence 
of another type of anion.   
8.5.3.2.2 Common anion 
The first solution was prepared by diluting magnesium chloride (MgCl2) in distilled water. 
MgCl2 permeate flux (volume flux based on the membrane area) through the membrane 
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increased from 2.7E-07 to 4.2E-06 m
3
/m
2
/s as the TMP increased. The rejection of chloride 
ions was slightly higher than the rejection of magnesium ions. The highest rejection for both 
ions was at the lowest TMP, where the rejection of Cl
1-
 was about 48.8% and the rejection of 
Mg
2+
 was about 38.6%. When excluding the minimum TMP value, in general the rejection of 
Cl
1-
 and Mg
2+
 remained almost constant as the TMP increased. The rejection of Mg
2+
 had 
negative values, which means that Mg
2+
 ions were permeating freely through the membrane. 
See Figure 8-52. In addition, when comparing the permeation of distilled water through the 
membrane, before and after MgCl2 solution permeation through the membrane, it was found 
that distilled water permeation was higher than the MgCl2 solution. This means that fouling 
did not occur or it was weak and did not have an effect on separation. The pH and 
conductivity of the inlet, retentate and permeate were measured. The pH of the inlet and 
retentate decreased as the TMP increased, while the pH of permeate almost remained 
constant as the TMP increased. See figure 8-53. The conductivity of the inlet and retentate 
almost remained constant as the TMP increased, while permeate conductivity decreased as 
the TMP increased. The permeate conductivity was higher than the inlet and the retentate 
conductivity. See Figure 8-54.  
Several factors affect the rejection of ions such as the ion size, the electrostatic interaction 
between the membrane and the ion charge, the electro-neutrality condition, the convection 
force and the diffusion force. In the case of magnesium chloride (MgCl2), the rejection of Cl
1-
 
was higher than the rejection of Mg
2+
. This might be explained by the electrostatic interaction 
between the membrane charge and ion charge, which is known as Donnan exclusion, where 
the membrane charge is negative and Mg
2+
 charge is positive, which causes attraction 
between them; as a result, Mg
2+
 passes more freely through the membrane than Cl
1-
. On the 
other hand, Cl
1-
 has a negative charge, which is the same as the membrane charge. This 
would cause repulsion between the membrane and Cl
1-
 and rejecting Cl
1-
 pass through the 
membrane and back to the solution. In addition, ion size played role in rejection, where Cl
1-
 
ion size was bigger than Mg
2+
 ion size, which would cause Mg
2+
 to pass more freely through 
the membrane pores than Cl
1-
. The small values of rejection might be due to TMP, where it 
overcomes the charge force between the ion charge and the membrane charge, and forcing 
the ions to pass through the membrane. If H
1+
 and OH
1-
 were considered to be affected by the 
membrane separation, then these ions might explain the lower rejection of Mg
2+
 than Cl
1-
. As 
mentioned above, electro-neutrality condition is obtained at both sides of the membrane by 
Mg
2+
, Cl
1-
, H
1+
 and OH
1-
  ions passing through the membrane. pH of inlet and retentate 
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solutions decreased as the TMP — see Figure 8-53 — which suggests that OH1- is 
permeating through the membrane and H
1+
 is rejected. An increase of OH
1-
 passing through 
the membrane would increase the rejection of Cl
1-
, which would explain the higher rejection 
of Cl
1-
 than Mg
2+
. Convection transport (which depends on the pressure gradient) did not 
have any effect on the rejections of Cl
1-
 and Mg
2+
, where the ions passed freely through the 
membrane as the TMP increased. In addition, the electro-neutrality condition might explain 
the low rejection values. According to electro-neutrality condition, the ions permeate from 
the higher concentration side of the membrane to the lower concentration side; as a result, the 
ions would permeate through the membrane to the permeate side until equilibrium is reached. 
Since TMP force has more effect than any other force that would cause ion rejection, this 
would cause the ions to permeate more freely through the membrane, resulting in low 
rejection values.  
 
Figure 8-52. Magnesium chloride rejection versus TMP. 
 
Figure 8-53. pH of  magnesium chloride solution versus TMP. 
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Figure 8-54. Conductivity of  magnesium chloride solution versus TMP. 
The second solution was prepared by diluting calcium chloride (CaCl2) in distilled water. 
CaCl2 permeate flux (volume flux based on the membrane area) through the membrane 
increased from 3.8E-07 to 6.6E-06 m
3
/m
2
/s as the TMP increased. The rejection of calcium 
(Ca
2+
) ions was lower than the rejection of chloride (Cl
1-
) ions. When excluding the lowest 
TMP value, the rejection of both ions remained constant as the TMP increased. The highest 
rejection of both ions was at the lowest TMP, where the rejection of Ca
2+
 was about 37.4% 
and rejection of Cl
1-
 was about 40.0%. See Figure 8-55. When comparing the permeation of 
distilled water through the membrane, before and after calcium chloride (CaCl2) solution 
permeation through the membrane, it was found that distilled water permeation was higher 
than the permeation of the calcium chloride (CaCl2) solution. This means that fouling did not 
occur or was weak and did not have an effect on separation. The pH and conductivity of the 
inlet, retentate and permeate were measured. The pH of the inlet and the retentate decreased 
as the TMP increased, while the pH of permeate increased as the TMP increased. See Figure 
8-56. The conductivity of the inlet, retentate and permeate almost remained constant as the 
TMP increased. This is true for permeate conductivity when excluding it at the lowest TMP 
value. The permeate conductivity was higher than the inlet and the retentate conductivity. See 
Figure 8-57.  
The lower rejection of Ca
2+
 than that of Cl
1-
 maybe due to the electrostatic interaction 
between the membrane charge (which is negative) and the ion charge. Since Ca
2+
 has an 
opposite sign from that of the membrane, it would cause attraction between the membrane 
and Ca
2+
, thus Ca
2+
 would permeate more freely through the membrane. Since Ca
2+
 has a 
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smaller ion size than Cl
1-
, as a result the Cl
1-
 ion has a higher rejection than the Ca
2+
 ion. Cl
1-
 
ion rejection was due to their repulsion away from the membrane because they have the same 
charge as the membrane. As the TMP increased, the rejection of both ions (Ca
2+
 and Cl
1-
) 
decreased and almost stayed constant. This may be due to the electro-neutrality condition at 
both sides of the membrane, where both ions (Ca
2+
 and Cl
1-
) have to pass through the 
membrane to the permeate side to reach an electro-neutrality condition. In this case Ca
2+
 
rejection should be higher than Cl
1-
 rejection because less amount of Ca
2+
 than Cl
1-
 should 
permeate through the membrane to obtain electro-neutrality condition, since Ca
2+
 have bigger 
valence than Cl
1-
, but in this case Cl
1-
 rejection was higher. However, if OH
1-
 and H
1+
 ions 
are included, these rejection results can be explained. The pH of the inlet and retentate 
decreased as the TMP increased, which means that the membrane rejected H
1+
 ions. On the 
other hand, pH of permeate increased as TMP increased, which means that OH
1-
 ions 
permeated through the membrane easily. See Figure 8-56. As more OH
1-
 ions permeate 
though the membrane, fewer amounts of Cl
1-
 ions need to permeate through the membrane to 
obtain an electro-neutral condition at both sides of the membrane. As a result, the rejection of 
Cl
1-
 ions would be higher than the rejection of Ca
2+
 ions. Also, low rejection might be due to 
membrane charge shielding by Ca
2+
, where the Donnan exclusion effect would decrease and 
as a result, rejection of ions decrease. 
The third solution that was used was prepared by diluting sodium chloride (NaCl) in distilled 
water. See section 8.5.3.2.1 (previous section). 
 
Figure 8-55. Calcium chloride rejection versus TMP. 
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Figure 8-56. pH of calcium chloride solution versus TMP. 
 
Figure 8-57. Conductivity of calcium chloride solution versus TMP. 
The fourth solution was prepared by diluting sodium chloride (NaCl), magnesium chloride 
(MgCl2) and calcium chloride (CaCl2) in distilled water. See Figure 8-58. The mixed salt 
solution permeates flux (volume flux based on the membrane area) through the membrane 
increased from 2.7E-07 to 4.6E-05 m
3
/m
2
/s as the TMP increased. It was found that the 
rejection of ions took the following trend: R of chloride (Cl
1-
) > R of calcium (Ca
2+
) > R of 
magnesium (Mg
2+
) > R of sodium (Na
1+
). The rejection of all cations decreased after the first 
TMP and then remained almost constant as the TMP increased. The highest rejection for all 
cations was at the lowest TMP. The highest Ca
2+
 rejection was about 43.1%, the highest Mg
2+
 
rejection 42.1%, and the highest Na
1+
 rejection was about 33.0%. In general, cation Na
1+
 had 
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negative rejection values, which means that it permeated freely through the membrane. The 
rejection of cation Cl
1-
 decreased after the first TMP and almost stayed constant as the TMP 
increased. The highest Cl
1-
 rejection was about 44.6%. When comparing the permeation of 
distilled water through the membrane, before and after the mixed solution permeation 
through the membrane, it was found that distilled water permeation was higher than that of 
the mixed solution. This means that fouling did not occur or was weak and did not have an 
effect on separation. The pH and conductivity of the inlet, retentate and permeate were 
measured. The pH of the inlet, retentate and permeate decreased as the TMP increased. See 
Figure 8-59. The conductivity of the inlet, retentate and permeate almost remained constant 
as the TMP increased. The permeate conductivity was higher than the inlet and the retentate 
conductivity. See Figure 8-60.  
The rejection of ions took the following trend: R of chloride (Cl
1-
) > R of calcium (Ca
2+
) > R 
of magnesium (Mg
2+
) > R of sodium (Na
1+
). When excluding the lowest TMP pressure, the 
rejection of ions almost remained constant as the TMP increased. Na
1+
 had the lowest 
rejection with negative values. The rejection values of these ions can be explained by the ion 
charge, where Cl
1-
 has a negative charge the same as the membrane charge, which caused 
repulsion between the membrane and Cl
1-
 ion; as a result, Cl
1-
 ion rejection was higher than 
the other ion rejections, while the cations Ca
2+
, Mg
2+
 and Na
1+
 had the opposite charge sign 
of that of the membrane, which caused attraction between the cations and the membrane, thus  
they permeated more freely through the membrane. Also, ion size plays part in the rejection 
results, where the ion size of the cations and anion used took the following trend: (Cl
1-
) ion 
size > calcium (Ca
2+
) ion size > sodium (Na
1+
) ion size > magnesium (Mg
2+
) ion size. Since 
Cl
1-
 ion has the biggest ion size, as a result Cl
1-
 ion had the highest rejection. Then Ca
2+
 ion 
had the second-highest rejection. However, this cannot explain why Mg
2+
 had a higher 
rejection than Na
1+
, even though the Na
1+
 ion has a bigger ion size than the Mg
2+
 ion. In 
general, the low rejection values of the three cations and one anion might be due to the 
electro-neutrality condition at both sides of the membrane, where ions permeate from the feed 
side (high concentration) to the permeate side (lower concentration) to fulfil the charge 
equilibrium condition. In addition, low rejection values may be due to higher TMP values, 
where it became stronger than the other factors causing lower ion rejection. Beside this, if 
membrane charge shielding by the cations took place, ions would permeate through the 
membrane and rejection decreases. 
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Figure 8-58. Mixed salts rejection versus TMP. 
 
Figure 8-59. pH of Mixed salts solution versus TMP. 
 
Figure 8-60. Conductivity of mixed salts solution versus TMP. 
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When comparing the separation of ions from a single salt solution and a mixed salt solution, 
it was noticed that the rejection of cation Mg
2+
 from a mixed salt solution was higher than its 
rejection from a single salt solution. For the Ca
2+
 ion case, its rejection from a single salt 
solution was lower than a mixed salt solution. For the Na
1+
 case, its rejection from a single 
salt solution was higher than a mixed salt solution. For Cl
1-
 ion case, its rejection from 
calcium chloride and a mixed salt solution was higher than its rejection from magnesium 
chloride and sodium chloride solutions. This implies that its rejection did depend on other ion 
types or its concentration in the solution.  
8.5.4 Different concentration experiments 
Another set of experiments was used for both 0.9 and 1.0nm membranes at different 
concentration. The used salts were magnesium chloride (MgCl2) and sodium nitrate (NaNO3), 
at a concentration value equal to 0.01 M. At first, a single salt solution of each salt was 
prepared at 0.01M concentration. Secondly, a mixed solution of both salts was prepared with 
0.01M concentration for each salt. The experimental procedure used is the same procedure 
mentioned in section 8.3.2. This was done to study the effect of concentration on the 
separation of ions. 
8.5.4.1 0.9 nm membrane 
The first solution was prepared by diluting sodium nitrate (NaNO3) in distilled water. NaNO3 
permeate flux (volume flux based on the membrane area) through the membrane increased 
from 1.1E-07 to 2.10E-06 m
3
/m
2
/s as the TMP increased. When excluding the minimum 
TMP value, it was found that the rejection of nitrate (NO3
1-
) ions was lower than the rejection 
of sodium (Na
1+
) ions. Also, the rejection of NO3
1-
 and Na
1+
 remained constant as the TMP 
increased. The highest rejection for both ions was at the lowest TMP, where the rejection of 
NO3
1-
 was about 46% and the rejection of Na
1+
 was about 42%. See Figure 8-61. When 
comparing this experiment (M = 0.01mol/l) with the previous one (M = 0.1mol/l), it was 
found that the rejection of both NO3
1-
 and Na
1+
 from the lower concentration solution was 
higher than their rejection from the higher concentration solution. In the previous experiment 
(mentioned in section 8.3.3.1.1), the cation and anion had more negative values, which means 
that rejection did not take place and the ions were passing through the membrane, while for 
the lower concentration experiment, negative rejections barely excited. In general, for the 
lower concentration experiment, the rejection of Na
1+
 was higher than the rejection of NO3
1-
. 
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Rejections of NO3
1-
 and Na
1+
 in the other experiment were almost similar. In addition, when 
comparing the permeation of distilled water through the membrane, before and after the 
NaNO3 solution permeation through the membrane, it was found that distilled water 
permeation was higher than the NaNO3 solution. This means that fouling did not occur and 
did not have an effect on separation. In addition, when comparing the permeation of distilled 
water through the membrane, before and after NaNO3 solution permeation through the 
membrane, it was found that distilled water permeation was higher than the NaNO3 solution. 
This means that fouling did not occur or it was weak and did not have an effect on separation. 
The pH and conductivity of the inlet, retentate and permeate were measured. The pH of the 
inlet, retentate and permeate increased as the TMP increased. See Figure 8-62. The 
conductivity of the inlet and retentate almost remained constant as the TMP increased. The 
permeate conductivity increased as the TMP increased, until the TMP reached 1.1 bar, then 
the permeate conductivity remained constant as the TMP increased. The permeate 
conductivity was lower than the inlet and the retentate conductivity. See Figure 8-63.   
When excluding the rejections of NO3
1-
 and Na
1+
 at the lowest TMP, it was found that the 
rejection of Na
1+
 was higher than the rejection of NO3
1-
; this cannot be explained by the ion 
charge effect or the ion size. Because Na
1+
 has an opposite charge of the membrane charge 
where attraction occurs, thus causing the Na
1+
 to pass more freely through the membrane but 
this did not happen. Also, it has a smaller ion size than NO3
1-
 where it should pass more 
freely through the membrane, but in this case it had a higher rejection. Moreover, at the 
lowest TMP value, the rejection of NO3
1-
 was higher than the rejection of Na
1+
, which is 
because NO3
1-
 has a bigger ion size than Na
1+
, where the Na
1+
 ion can permeate more freely 
through the membrane. Moreover, because NO3
1-
 ion has the same charge sign as the 
membrane, this would cause repulsion between them and forcing the NO3
1-
 ion to move back 
to the solution. See Figure 8-61. Low rejection may be related to electro-neutrality condition, 
where NO3
1-
 and Na
1+
 ions permeate through the membrane (from high concentration to low 
concentration) to stabilise the system. In addition, if membrane charge shielding occurred, 
this would cause low rejection of Na
1+
 and NO3
1-
 because Donna exclusion would not have 
an effect on rejection. In general, the low rejection values for both NO3
1-
 and Na
1+
 may be 
due to TMP, where rejection decreased as the TMP increased, which means that convection 
transport increased as TMP increased and had more effect on NO3
1-
 and Na
1+
 rejections than 
ion charge and ion size.  
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Figure 8-61. NaNO3 rejection versus TMP, M = 0.01mol/l. 
 
Figure 8-62. pH of NaNO3 solution versus TMP. 
 
Figure 8-63. Conductivity of NaNO3 solution versus TMP. 
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The second solution was prepared by diluting magnesium chloride (MgCl2) in distilled water. 
MgCl2 permeate flux (volume flux based on the membrane area) through the membrane 
increased from 1.25E-07 to 1.88E-06 m
3
/m
2
/s as the TMP increased.  The rejection of Mg
2+
 
ions was slightly higher than the rejection of Cl
1-
 ions. The highest rejection for both ions was 
at the lowest TMP, where the rejection of Cl
1-
 was about 13% and the rejection of Mg
2+
 was 
about 36%. When excluding the minimum TMP value, in general it can be noticed that the 
rejection of Cl
1-
 and Mg
2+
 increased slightly as the TMP increased. See Figure 8-64. Also, 
when comparing the permeation of distilled water through the membrane, before and after 
MgCl2 solution permeation through the membrane it was found that distilled water 
permeation was higher than the MgCl2 solution. This means that fouling did not occur or it 
was weak and did not have an effect on separation. The pH and  conductivity of the inlet, 
retentate and permeate were measured. The pH of the inlet and retentate increased as the 
TMP increased, while the pH of the permeate decreased as TMP increased. See Figure 8-65. 
The conductivity of the inlet and retentate almost remained constant as the TMP increased. 
The permeate conductivity decreased as the TMP increased. The permeate conductivity was 
lower than the inlet and the retentate conductivity. See Figure 8-66.   
The rejection of Mg
2+
 was higher than the rejection of Cl
1-
; this cannot be explained by the 
ion charge effect or the ion size because Mg
2+
 has an opposite sign of the membrane charge 
where attraction should occur, which causes Mg
2+
 to permeate more freely through the 
membrane, but this did not happen. Also, it has a smaller ion size than Cl
1-
 where it should 
pass more freely through the membrane, but in this case it had a higher rejection. These 
results might be explained by the permeation of H
1+
 and OH
1-
 through the membrane to 
obtain electro-neutral condition at both sides of the membrane. From Figure 8-65, it can be 
noticed that the permeate pH decreased as TMP increased, which means that more H
1+
 ions 
were permeating through the membrane; as a result, Mg
2+
 rejection increased and was higher 
than Cl
1-
 rejection. In general, the low rejection values for both Cl
1-
 and Mg
2+
 might be due to 
electro-neutrality condition. In order to reach the electro-neutral condition at both sides of the 
membrane, Cl
1-
 and Mg
2+
 ions had to pass through the membrane, thus they had low rejection 
values. When comparing this experiment (M = 0.01mol/l) with the previous one (M = 
0.1mol/l), it was found that the rejection of both Mg
2+
 and Cl
1-
 from a lower concentration 
solution was higher than their rejection from a higher concentration solution. In the previous 
experiment (mentioned in section 8.3.3.1.2), the cation had more negative values, which 
means that rejection did not take place and the ions were passing through the membrane. This 
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means that membrane charge shielding was more effective as the ion concentration increased, 
which decreased ion rejection. In general, for the lower concentration experiment, the 
rejection of Mg
2+
 was higher than the rejection of Cl
1-
. On the other hand, for the higher 
concentration experiment, the rejection of Cl
1-
 was higher than the rejection of Mg
2+
. 
 
Figure 8-64. MgCl2 rejection versus TM, M = 0.01mol/l. 
 
Figure 8-65. pH of MgCl2 solution versus TMP. 
 
Figure 8-66. Conductivity of MgCl2 solution versus TMP. 
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The third solution was prepared by diluting magnesium chloride (MgCl2) and sodium nitrate 
(NaNO3) in distilled water. The mixed salt solution permeates flux (volume flux based on the 
membrane area) through the membrane increased from 1.07E-07 to 1.80E-06 m
3
/m
2
/s as the 
TMP increased.  The rejection of ions took the following trend: R of magnesium (Mg
2+
) > R 
of nitrate (NO3
1-
) > R of chloride (Cl
1-
) > R of sodium (Na
1+
). See Figure 8-67. This is true 
except at the lowest TMP, where the rejection of the Na
1+
 ion was higher than the rejection of 
the  Cl
1-
 ion. The highest rejection for all ions was at the lowest TMP, where the rejection of 
Cl
1-
 was about 45.3%, the rejection of NO3
1-
 55.4%, the rejection of Na
1+
 47.4% and the 
rejection of Mg
2+
 was about 55.5%. When excluding the minimum TMP value, it can be 
noticed that the rejection of Cl
1-
, NO3
1-
, Na
1+
 and Mg
2+
 remained constant as the TMP 
increased. In addition, when comparing the permeation of distilled water through the 
membrane, before and after mixed salt solution permeation through the membrane, it was 
found that distilled water permeation was higher than the mixed salt solution. This means that 
fouling did not occur or was weak and did not have an effect on separation. The pH and 
conductivity of the inlet, retentate and permeate were measured. The pH of the inlet and 
retentate increased as the TMP increased, while the pH of permeate decreased as TMP 
increased, but when TMP reached 1.1 bar, the permeate pH increased as TMP increased. See 
Figure 8-68. The conductivity of the inlet, retentate and permeate almost remained constant 
as the TMP increased. See Figure 8-69.   
In general, the low rejection values of the anions and cations may be due to Donnan 
exclusion and electro-neutrality condition. Because of the electro-neutrality at both sides of 
the membrane, Cl
1-
, NO3
1-
, Na
1+
 and Mg
2+
 ions had to pass through the membrane in order to 
reach electro-neutrality condition at both sides of the membrane, which might explain the low 
rejection values. Since Cl
1-
 and NO3
1-
 have the same charge sign as the membrane, both ions 
would repel away from the membrane and back to the solution. On the other hand, Mg
2+
 and 
Na
1+
 had an opposite sign of the membrane, which would cause attraction between Mg
2+
 and 
Na
1+
 and the membrane, and as a result, they would pass freely through the membrane. This 
is known as Donnan exclusion. This is true when comparing Cl
1-
 and NO3
1-
 rejections with 
Na
1+
 rejection but not with Mg
2+
 rejection. Also when comparing the rejection of Cl
1-
 with 
the rejection of NO3
1-
, it was found the rejection of Cl
1-
 was lower than the rejection of NO3
1-
. 
This result might be due to the ion size, where Cl
1-
 ion size is smaller than NO3
1-
 ion size; as 
a result, the Cl
1-
 ion would be able to pass through the membrane more freely. When 
comparing the rejection of Na
1+
 and Mg
2+
, it was found that the rejection of Mg
2+
 was higher 
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than the rejection of Na
1+
. This cannot be explained by ion size because Mg
2+
 ion has a 
smaller ion-size than Na
1+
, where Mg
2+
 rejection should have been lower than Na
1+
. This 
rejection result might be related to Mg
2+
 ability to diffuse through the membrane; if Mg
2+
 
diffusivity through the membrane is lower than Na
1+
 then as a result its rejection would be 
low. If H
1+
 and OH
1-
 permeation through the membrane is included, Mg
2+
 rejection behaviour 
might be explained. The permeation of H
1+
 through the membrane is high; see Figure 8-68, 
where the inlet and retentate pH increased as TMP increased, which means that the solution is 
more basic. As H
1+
 permeation through the membrane increases, either Mg
2+
 or Na
1+
 
rejection would decrease. In this case, it was Mg
2+
 because it has a smaller ion size.   
 
Figure 8-67. Mixed salt solution rejection versus TMP, M = 0.01mol/l for each salt. 
 
Figure 8-68. pH of mixed salts solution versus TMP. 
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Figure 8-69. Conductivity of mixed salts solution versus TMP. 
8.5.4.2 1.0 nm membrane 
The first solution was prepared by diluting sodium nitrate (NaNO3) in distilled water. NaNO3 
solution permeate flux (volume flux based on the membrane area) through the membrane 
increased from 9.1E-07 to 1.5E-05 m
3
/m
2
/s as the TMP increased. The rejection of nitrate 
(NO3
1-
) ions was higher than the rejection of sodium (Na
1+
) ions. The rejection of NO3
1-
 
decreased as the TMP increased, until TMP reached 0.735 bar value, then the rejection of 
NO3
1-
 slightly increased and almost remained constant as the TMP increased. The rejection of 
Na
1+
 decreased as the TMP increased, until TMP reached 0.9 bar, then it started to increase as 
the TMP increased. The highest rejection for both ions was at the lowest TMP, where the 
rejection of NO3
1-
 was about 15.3% and the rejection of Na
1+
 was about 11.6%. The pH and 
conductivity of the inlet, retentate and permeate were measured. The pH of the inlet and 
retentate increased as the TMP increased, while the permeate pH slightly decreased as TMP 
increased. See Figure 8-71. The conductivity of the inlet, retentate and permeate almost 
remained constant as the TMP increased. See Figure 8-72.   
The rejection of Na
1+
 was lower than the rejection of NO3
1-
; this can be explained by the ion 
charge effect and ion size. Na
1+
 has an opposite charge of that of the membrane charge, 
where attraction occurred and caused the cation to pass more freely through the membrane. 
On the other hand, NO3
1-
 has the same charge sign as the membrane, which caused repulsion 
between them and resulted in the rejection of NO3
1-
 ions. In addition, Na
1+
 has a smaller ion 
size than NO3
1-
, where it could pass more freely through the membrane, and as a result, it had 
lower rejection than the rejection of NO3
1-
. See Figure 8-70. Furthermore, low rejection may 
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be related to electro-neutrality condition, where NO3
1-
 and Na
1+
 ions permeate through the 
membrane (from high concentration to low concentration) to stabilise the system. When 
comparing this experiment (M = 0.01mol/l) with the previous one (M = 0.1mol/l), it was 
found that the rejections of Na
1+
 from both solutions were similar and lower than NO3
1-
, 
while the rejection of NO3
1-
 from a higher concentration solution was higher than its rejection 
from a lower concentration solution (see section 8.5.3.2.1). In general, the rejection decreased 
as the TMP increased, which means that convection transport increased as the TMP and had 
more effect on NO3
1-
 and Na
1+
 rejections than ion charge and ion size. Even though, as the 
TMP reached 0.9 bar, the rejection of ions increased as the TMP increased, which means that 
convective transport decreased as the TMP increased, still the rejection values were small and 
convective transport played a major role on rejection.  
  
Figure 8-70. NaNO3 rejection versus TMP, M = 0.01mol/l.   
 
Figure 8-71. pH of NaNO3 solution versus TMP. 
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Figure 8-72. Conductivity of NaNO3 solution versus TMP. 
The second solution was prepared by diluting magnesium chloride (MgCl2) in distilled water. 
MgCl2 solution permeates flux (volume flux based on the membrane area) through the 
membrane increased from 6.6E-07 to 1.30E-05 m
3
/m
2
/s as the TMP increased.  The rejection 
of Cl
1-
 ions was slightly higher than the rejection of Mg
2+
 ions. The highest rejection for both 
ions was at the lowest TMP, where the rejection of Cl
1-
 was about 14.4% and the rejection of 
Mg
2+
 was about 11%. When excluding the minimum TMP value, in general it can be noticed 
that the rejection of Cl
1-
 and Mg
2+
 increased slightly as the TMP increased. See Figure 8-73. 
When comparing the permeation of distilled water through the membrane, before and after 
MgCl2 solution permeation through the membrane, it was found that distilled water 
permeation was higher than MgCl2 solution. This means that fouling did not occur or it was 
weak and did not have an effect on separation. The pH and conductivity of the inlet, retentate 
and permeate were measured. The pH of the inlet and retentate remained constant as the TMP 
increased, except when TMP was equal to 1.1 bar where they decreased. The pH of permeate 
remained constant as TMP increased, except when TMP was equal to 0.335 and 0.925 bar 
where it increased. See Figure 8-74. In general, the conductivity of the inlet and retentate 
increased as the TMP increased. On the other hand, the permeate conductivity decreased as 
the TMP increased, and it was lower than the inlet and retentate conductivity. See Figure 8-
75.   
In general, the low rejection values for both Cl
1-
 and Mg
2+
 may be due to the electro-
neutrality condition, where Cl
1-
 and Mg
2+
 ions had to pass through the membrane in order to 
attain the electro-neutrality condition at both sides of the membrane. When excluding the 
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lowest TMP, the rejection of both Cl
1-
 and Mg
2+
 ions increased slightly as TMP increased, 
which indicates that convective transport decreased as TMP increased. Moreover, the 
rejection of Mg
2+
 was lower than the rejection of Cl
1-
, which can be explained by the ion 
charge effect and ion size. Since Mg
2+
 has an opposite sign of the membrane charge, as a 
result, attraction occurred and caused the cation to pass more freely through the membrane, 
while Cl
1-
 has the same charge sign as the membrane, which caused Cl
1-
 to repulse away from 
the membrane and back to solution, thus, it had higher rejection than the rejection of Mg
2+
. 
Beside this, Mg
2+
 has a smaller ion size than Cl
1-
 where it increased Mg
2+
 ability to permeate 
more freely through the membrane. This means that Donnan exclusion and ion size had an 
effect on the rejection of Mg
2+
 and Cl
1-
. The permeation of H
1+
 and OH
1-
 can be considered to 
be negligible because the pH of the inlet, retentate and permeate remained constant as the 
TMP increased, and the pH values were similar. See Figure 8-74.  
When comparing this experiment (M = 0.01mol/l) with the previous one (M = 0.1mol/l), it 
was found that the rejection of both Mg
2+
 and Cl
1-
 from the lower concentration solution was 
higher than their rejection from the higher concentration solution. In the previous experiment 
(mentioned in section 8.3.3.1.2), Mg
2+
 had more negative values, which means that rejection 
did not take place and the ions were permeating through the membrane. The lower rejection 
at a higher concentration might be due to membrane charge shielding by the ions, where the 
membrane charge would be neutralised by the ions consequently, the membrane rejection 
ability decreases. In general, for both concentration experiments, the rejection of Mg
2+
 was 
lower than the rejection of Cl
1-
.  
 
Figure 8-73. MgCl2 rejection versus TMP, M = 0.01mol/l. 
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Figure 8-74. pH of MgCl2 solution versus TMP. 
 
Figure 8-75. Conductivity of MgCl2 solution versus TMP. 
The third solution was prepared by diluting magnesium chloride (MgCl2) and sodium nitrate 
(NaNO3) in distilled water. The mixed salt solution permeates flux (volume flux based on the 
membrane area) through the membrane increased from 6.5E-07 to 1.30E-05 m
3
/m
2
/s as the 
TMP increased. It was found that the rejection of ions took the following trend: R of 
magnesium (Mg
2+
) > R of nitrate (NO3
1-
) > R of chloride (Cl
1-
) > R of sodium (Na
1+
). See 
Figure 8-76. The highest rejection for all the ions was at the lowest TMP, where the rejection 
of Cl
1-
 was about 16.4%, the rejection of NO3
1-
 was about 19.8%, the rejection of Na
1+
 was 
about 4.8% and the rejection of Mg
2+
 was about 20.0%. When excluding the minimum TMP 
value, the rejection of Cl
1-
, NO3
1-
, Na
1+
 and Mg
2+
 remained constant as the TMP increased. 
An exception for this result is at the TMP value equal to 1.1 bar for Mg
2+
. When comparing 
the permeation of distilled water through the membrane, before and after the mixed salt 
solution permeation through the membrane, it was found that distilled water permeation was 
higher than the mixed salt solution. This means that fouling did not occur or it was weak and 
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did not have an effect on separation. The pH and the conductivity of the inlet, retentate and 
permeate were measured. The pH of the inlet, retentate and permeate almost remained 
constant as the TMP increased. See Figure 8-77. In general, the conductivity of the inlet and 
retentate did not have a specific trend as the TMP increased, but the difference between the 
highest and smallest readings was small. On the other hand, the permeate conductivity 
remained constant as the TMP increased. See Figure 8-78. In general, the low rejection 
values of the anions and cations may be due to the electro-neutrality condition. Because the 
electro-neutrality condition at both sides of the membrane must be maintained all the time, 
Cl
1-
, NO3
1-
, Na
1+
 and Mg
2+
 ions had to pass through the membrane in order to reach electro-
neutrality at both sides of the membrane. The rejection result for these ions can be explained 
by Donnan exclusion and ion size except for Mg
2+
. When comparing the rejection of Na
1+
 
and Mg
2+
, it was found that the rejection of Mg
2+
 was higher than the rejection of Na
1+
. This 
cannot be explained by ion size because Mg
2+
 ion has smaller ion size than Na
1+
, where Mg
2+
 
rejection should have been lower than Na
1+
. This rejection result might be related to Mg
2+
 
ability to diffuse through the membrane. If Mg
2+
 diffusivity through the membrane was low 
then as a result, its rejection would be high. In addition, when comparing the rejection of Cl
1-
 
with the rejection of NO3
1-
, it was found the rejection of Cl
1-
 was lower than the rejection of 
NO3
1-
. This result might be due to the ion size, where Cl
1-
 ion size is smaller than NO3
1-
 ion 
size; as a result, the Cl
1-
 ion would be able to pass through the membrane more freely. NO3
1-
 
and Cl
1-
 have higher rejection than Na
1+
, which is due to their charge and ion size. Since both 
ions have the same charge sign as the membrane, repulsion occurred between them and the 
membrane, hence a higher rejection than Na
1+
. In addition, NO3
1-
 and Cl
1-
 have a bigger ion 
size than Na
1+
, which increased their rejection by membrane more than Na
1+
 rejection.  
 
Figure 8-76. Mixed salt solution rejection versus TMP, M = 0.01mol/l for each salt. 
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Figure 8-77. pH of mixed salt solution versus TMP. 
 
Figure 8-78. Conductivity of mixed salt solution versus TMP. 
8.6 pH-controlled experiments  
The effect of pH on the separation behaviour of the nanofiltration membrane was studied for 
single and mixed salt solutions (cation was the common ion). Three different pH values were 
used, which are 3, 7 and 10. The membrane that was used was a ceramic nanofiltration 
membrane (the membrane made of TiO2, with 7.00 mm I.D, 10 mm O.D and length of 190 
mm, with 1.0 nm mean pore radius, from Inopor Company).  
8.6.1 Materials 
The used salts used were sodium chloride (NaCl) and sodium sulphate (Na2SO4), where the 
cation Na
1+
 was the common ion. For single and mixed salt solution, a solution with a 
concentration of 0.1M for each salt was prepared at each pH value. The pH was controlled by 
an acidic and basic solution. The studied pH values were pH3, pH7 and pH10. The acid 
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solution was 0.1M NaOH, which was prepared by diluting 2 g of NaOH in 500 ml of distilled 
water. To obtain pH 3, the solution was controlled with 0.1M HCl solution. Moreover, to 
obtain pH 7 and 10, the solutions were controlled with 0.1M NaOH solutions.  
8.6.2 Experimental procedure 
At the start of each experiment, distilled water was used at first in order to make sure that the 
membrane properties did not change. The results of distilled and brackish water were 
compared to describe the separation behaviour and to find out if fouling or concentration 
polarisation took place. At first, distilled water passed through the membrane at constant inlet 
volumetric flow rate equal to 2.78E-5 m
3
/s (100 l/h). The inlet pressure was increased from 
0.2 bar to 2.0 bar, which gives a TMP value between 0.15 bar to 1.9 bar. The pressure was 
increased at 0.5 intervals and run for 30 minutes for each TMP value. Permeate of distilled 
water was collected for 25 minutes. The pH and conductivity of the feed distilled water and 
the retentate was measured for each TMP value. The same procedure for single and mixed 
salt solutions was followed but the inlet pressure was increased each 60 minutes, where the 
permeate sample was collected for 55 minutes. The pH and conductivity at each TMP value 
were measured for the feed salt solution and the retentate to make sure that the process was 
stable and that the feed concentration did not change. After each experiment, the membrane 
was cleaned by 0.1M NaOH solution for 2 hours, and then cleaned by distilled water for at 
least 18 hours. 
8.6.3 Results 
8.6.3.1 pH 3 
The first solution was prepared by diluting sodium chloride (NaCl) in distilled water, where 
the concentration was about 0.1M. Then the solution pH was adjusted to the value of 3 by 
using 0.1M HCl solution. NaCl permeate flux (volume flux based on the membrane area) 
through the membrane increased from 4.5E-07 to 8.1E-06 m
3
/m
2
/s as the TMP increased. It 
was found that the rejection of chloride (Cl
1-
) ions was lower than the rejection of sodium 
(Na
1+
) ions. The highest rejection of both ions was at the lowest TMP, where the rejection of 
Cl
1-
 was about 24.9% and the rejection of Na
1+
 was about 25.4%. When excluding the lowest 
TMP value, the rejection of Na
1+
 slightly increased as the TMP increased. Whilst the 
rejection of Cl
1-
 remained constant as the TMP increased. When comparing the permeation of 
distilled water through the membrane, before and after sodium chloride (NaCl) solution 
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permeation through the membrane, it was found that distilled water permeation was higher 
than the sodium chloride (NaCl) solution. This means that fouling did not occur or it was 
weak and did not have an effect on separation. See Figure 8-79. The pH and conductivity of 
the inlet, retentate and permeate were measured. The pH of the inlet, retentate and permeate 
remained constant as the TMP increased. See Figure 8-80. The conductivity of the inlet 
decreased then increased as the TMP increased. Retentate conductivity did not have a specific 
trend as the TMP increased, but the difference between the highest and smallest readings was 
small. On the other hand, the permeate conductivity decreased as the TMP increased. The 
permeate conductivity was higher than the inlet and the retentate conductivity. See Figure 8-
81.   
In the case of sodium chloride (NaCl), the rejection of Na
1+
 was higher than the rejection of 
Cl
1-
. These results cannot be explained by the ion size, because Cl
1-
 has a bigger ion size than 
Na
1+
 where Cl
1-
 should have a higher rejection than Na
1+
. However, these results can be 
explained by the Donnan exclusion, which is the interaction between the membrane and ion 
charge. In this pH range, the membrane charge is considered to be positive; see section 8.3. 
Since Cl
1-
 has an opposite charge sign of the membrane charge, attraction would occur 
causing the Cl
1-
 ion to permeate easily through the membrane, resulting in low rejection. On 
the other hand, Na
1+
 has the same charge as the membrane charge, which caused repulsion 
between them, thus the membrane rejected the Na
1+
 ion. Because of the Donnan exclusion, 
Na
1+
 rejection was higher than Cl
1-
 rejection. The low rejection values for both ions might be 
due to the electro-neutrality condition and the membrane charge shielding. Due to the electro-
neutrality condition, the ions had to move from the higher charge concentration area to the 
lower charge concentration area until the electro-neutrality condition at both sides of the 
membrane was reached. As the concentration of ions near the membrane surface starts to 
build up, as a result a membrane charge shielding by the ions would occur, which would 
decrease the rejection of Na
1+
 and Cl
1-
 because the Donnan exclusion effect would decrease? 
The membrane charge shielding effect might be very effective at the highest TMP because 
Na
1+
 rejection decreased and was lower than Cl
1-
.     
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Figure 8-79. NaCl solution rejection versus TMP at pH = 3. 
The second solution was prepared by diluting sodium sulphate (Na2SO4) in distilled water, 
where the concentration was about 0.1M. Then the solution pH was adjusted to the value of 3 
by using 0.1M HCl solution. Na2SO4 permeate flux (volume flux based on the membrane 
area) through the membrane increased from 2.7E-07 to 5.8E-06 m
3
/m
2
/s as the TMP 
increased. It was found that the rejection of sulphate (SO4
2-
) ions was lower than the rejection 
of sodium (Na
1+
) ions. The highest rejection of both ions was at the lowest TMP, where the 
rejection of SO4
2-
 was about 39.6% and the rejection of Na
1+
 was about 46.5%. When 
excluding the lowest TMP value, the rejection of SO4
2-
 and Na
1+
 remained constant as the 
TMP increased. When comparing the permeation of distilled water through the membrane, 
before and after sodium sulphate (Na2SO4) solution permeation through the membrane, it was   
 
Figure 8-80. pH of NaCl solution versus TMP. 
0.0000
5.0000
10.0000
15.0000
20.0000
25.0000
30.0000
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
R
%
TMP (bar)
Chloride R%
Sodium R%
0
1
2
3
4
5
6
7
8
9
10
11
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
p
H
TMP (bar)
Inlet solution at 
pH 10
Retentate solution 
at pH 10
Permeate solution 
at pH 10
Inlet solution at 
pH 7
Retentate solution 
at pH 7
Permeate solution 
at pH 7
Inlet solution at 
pH 3
Retentate solution 
at pH 3
Permeate solution 
at pH 3
Chapter 8  Experiments 
237 
 
 
Figure 8-81. Conductivity of NaCl solution versus TMP. 
found that distilled water permeation was higher than that of the sodium sulphate (Na2SO4) 
solution. This means that fouling did not occur or was weak and did not have an effect on 
separation. See Figure 8-82. The pH and conductivity of the inlet, retentate and permeate 
were measured. The pH of the inlet, retentate and permeate remained constant as the TMP 
increased. See Figure 8-83. The conductivity of the inlet and retentate remained constant as 
the TMP increased. On the other hand, the permeate conductivity decreased as the TMP 
increased. The permeate conductivity was higher than the inlet and the retentate conductivity. 
See Figure 8-84.   
For the sodium sulphate (Na2SO4) solution, the rejection of Na
1+
 was higher than the 
rejection of SO4
2-
. This cannot be explained by the ion size because SO4
2-
 has a bigger ion 
size than Na
1+
; as a result, SO4
2-
 should have a higher rejection than Na
1+
. On the other hand, 
these results can be explained by Donnan exclusion. Since the membrane charge is 
considered positive in the pH 3 regions — see section 8.3 — then repulsion between Na1+ ion 
and the membrane charge would occur, moving Na
1+
 away from the membrane and back to 
the solution. While attraction between the membrane charge and SO4
2-
 occurs, allowing SO4
2-
 
to permeate through the membrane. As a result, Na
1+
 rejection would increase and SO4
2-
 
rejection would decrease. The low rejection values for both ions can be explained by the 
electro-neutrality condition, were the ions had to move from the higher charge concentration 
area to the lower charge concentration area until electro-neutrality condition at both sides of 
the membrane was reached. In this case, Na
1+
 and SO4
2-
 had to permeate from the feed side to 
the permeate side until the electro-neutrality condition is reached at both sides of the 
membrane, which caused their rejection to decrease. In addition, low ion rejection might be 
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due to membrane charge shielding, as the ion concentration at the membrane surface 
increases then counter-ions would interact with the membrane charge decreasing the 
membrane ability to reject co-ions, thus decreasing ion rejection.  
 
Figure 8-82. Na2SO4 solution rejection versus TMP at pH = 3. 
 
Figure 8-83. pH of Na2SO4 solution versus TMP. 
 
Figure 8-84. Conductivity of Na2SO4 solution versus TMP. 
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The third solution was prepared by diluting sodium chloride (NaCl) and sodium sulphate 
(Na2SO4) in distilled water, where the concentration of each salt was about 0.1M. Then the 
solution pH was adjusted to the value of 3 by using 0.1M HCl solution. The mixed salt 
solution permeates flux (volume flux based on the membrane area) through the membrane 
increased from 2.4E-07 to 5.5E-06 m
3
/m
2
/s as the TMP increased. It was found that the 
rejection of sulphate (SO4
2-
) ions was higher than the rejection of chloride (Cl
1-
) ions. The 
highest rejection of all ions was at the lowest TMP, where the rejection of SO4
2-
 was about 
50.0%, the rejection of Cl
1-
 was about 39.0% and the rejection of Na
1+
 was about 49.9%. 
When excluding the lowest TMP value, the rejection of Na
1+
 remained constant as the TMP 
increased. On the other hand, the rejection of SO4
2-
 and Cl
1-
 decreased then increased as the 
TMP increased. See Figure 8-85. When comparing the permeation of distilled water through 
the membrane, before and after mixed salt solution permeation through the membrane, it was 
found that distilled water permeation was higher than that of the mixed salt solution. This 
means that fouling did not occur or it was weak and did not have an effect on separation. The 
pH and the conductivity of the inlet, retentate and permeate were measured. The pH of the 
inlet, retentate and permeate remained constant as the TMP increased. See Figure 8-86. The 
conductivity of the inlet and retentate remained constant as the TMP increased. On the other 
hand, the permeate conductivity increased as the TMP increased. The permeate conductivity 
was lower than the inlet and the retentate conductivity. See Figure 8-87. 
The rejection of Na
1+
 was higher than Cl
1-
 rejection and was higher than SO4
2-
 rejection when 
TMP is lower than 1.4 bar, even though Na
1+
 has the smallest ion size. Where Na
1+
 rejection 
is a result of Donnan exclusion, where it has the same charge sign as the membrane charge, 
which caused repulsion between Na
1+
 and the membrane charge, thus increasing its rejection. 
While SO4
2-
 and Cl
1-
 have an opposite charge of the membrane, which caused attraction 
between them and increased their permeation through the membrane, causing their rejection 
to decrease. The rejection of SO4
2-
 was higher than the rejection of Cl
1-
. This might be due to 
the ion size, where SO4
2-
 has a bigger ion size than Cl
1-
, thus SO4
2-
 had higher rejection. 
Furthermore, SO4
2-
 had a higher rejection than Cl
1-
 due to ion speciation. Where HSO4
1-
 may 
have formed, and since it has a bigger ion size than Cl
1-
, consequently its rejection would be 
higher. The low rejection values for all ions might be because of electro-neutrality condition 
and membrane charge shielding. For the electro-neutrality condition, the ions have to move 
from the higher charge concentration area to the lower charge concentration area until 
electro-neutrality condition at both sides of the membrane is reached, thus ion rejection 
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would decrease. As the concentration of ions in the area near the membrane surface area 
increases, the membrane charge becomes neutralised by SO4
2-
 and Cl
1-
, which would affect 
the membrane ability to reject ions. As a result, the ion rejection would decrease because it 
can permeate more freely through the membrane.       
 
Figure 8-85. Mixed salts solution rejection versus TMP at pH = 3. 
 
Figure 8-86. pH of mixed salt solution versus TMP. 
 
Figure 8-87. Conductivity of mixed salt solution versus TMP. 
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8.6.3.2 pH 7 
The first solution was prepared by diluting sodium chloride (NaCl) in distilled water, where 
the concentration was about 0.1M. Then the solution pH was adjusted to the value of 7 by 
using 0.1M NaOH solution. NaCl permeate flux (volume flux based on the membrane area) 
through the membrane increased from 3.0E-07 to 5.6E-06 m
3
/m
2
/s as the TMP increased. It 
was found that the rejection of chloride (Cl
1-
) ions was lower than the rejection of sodium 
(Na
1+
) ions. The highest rejection of both ions was at the lowest TMP, where the rejection of 
Cl
1-
 was about 38.8% and the rejection of Na
1+
 was about 42.3%. When excluding the lowest 
TMP value, the rejections of Cl
1-
 and Na
1+
 remained constant as the TMP increased. See 
Figure 8-88. When comparing the permeation of distilled water through the membrane, 
before and after sodium chloride (NaCl) solution permeation through the membrane, it was 
found that distilled water permeation was higher than that of sodium chloride (NaCl) 
solution. This means that fouling did not occur or was weak and did not have an effect on 
separation. The pH of the inlet, retentate and permeate remained constant as the TMP 
increased. See Figure 8-80. The conductivity of the inlet and the retentate decreased as the 
TMP increased. On the other hand, the permeate conductivity increased as the TMP 
increased. The permeate conductivity was higher than the inlet and the retentate conductivity. 
See Figure 8-81.   
In the case of sodium chloride (NaCl), the rejection of Na
1+
 was higher than the rejection of 
Cl
1-
. This cannot be explained by the ion size because Cl
1-
 has a bigger ion size than Na
1+
, 
thus Cl
1-
 should have a higher rejection. Also, these results cannot be explained by the ion 
charge, since Cl
1-
 has the same charge sign as that of the membrane where repulsion occurs, 
causing Cl
1-
 ions to diffuse back to the solution, resulting in higher Cl
1-
 rejection, but Na
1+
 
rejection was higher than Cl
1-
 rejection. These results might be explained by ion diffusivity 
through the membrane material. If Cl
1-
 has a higher diffusivity coefficient through the 
membrane material than Na
1+
, it would pass more easily through the membrane thus resulting 
in lower rejection than Na
1+
. The low rejection values for both ions can be explained by the 
electro-neutrality condition, where the ions had to move from the higher charge concentration 
area to the lower charge concentration area until electro-neutrality condition at both sides of 
the membrane was reached, and as result, their rejection would decrease. As the 
concentration of Na
1+
 in the area near the membrane surface area increases, the membrane 
charge becomes neutralised, which would affect the membrane ability to reject ions. As a 
Chapter 8  Experiments 
242 
 
result, the ion rejection would decrease because it can permeate more freely through the 
membrane.       
  
Figure 8-88. NaCl solution rejection versus TMP at pH = 7.              
The second solution was prepared by diluting sodium sulphate (Na2SO4) in distilled water, 
where the concentration was about 0.1M. Then the solution pH was adjusted to the value of 7 
by using 0.1M NaOH solution. Na2SO4 permeate flux (volume flux based on the membrane 
area) through the membrane increased from 2.5E-07 to 4.5E-06 m
3
/m
2
/s as the TMP 
increased. It was found that the rejection of sulphate (SO4
2-
) ions was higher than the 
rejection of sodium (Na
1+
) ions. The highest rejection of both ions was at the lowest TMP, 
where the rejection of SO4
2-
 was about 55.2% and the rejection of Na
1+
 was about 48.0%. 
When excluding the lowest TMP value, the rejection of SO4
2-
 and Na
1+
 remained constant as 
the TMP increased. See Figure 8-89. When comparing the permeation of distilled water 
through the membrane, before and after sodium sulphate (Na2SO4) solution permeation 
through the membrane, it was found that distilled water permeation was higher than that of 
the sodium sulphate (Na2SO4) solution. This means that fouling did not occur or was weak 
and did not have an effect on separation. The pH and conductivity of the inlet, retentate and 
permeate were measured. The pH of the inlet, retentate and permeate remained constant as 
the TMP increased. See Figure 8-83. The conductivity of the inlet, retentate and permeate 
remained constant as the TMP increased. The permeate conductivity was higher than the inlet 
and the retentate conductivities. See Figure 8-84.  
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of SO4
2-
. This might be related to the ion size and Donnan exclusion. Where SO4
2-
 ion has a 
bigger ion size than Na
1+
 where it would be harder for SO4
2-
 to permeate through the 
membrane than Na
1+
, thus SO4
2-
 has a higher rejection. Also, these results can be explained 
by the ion charge, since SO4
2-
 has the same charge sign as that of the membrane. Therefore, 
repulsion occurs, causing the SO4
2-
 ion to diffuse back to the solution resulting in higher 
SO4
2-
 rejection than Na
1+
 rejection. If ion speciation was taken into consideration, it would 
have increased the SO4
2-
 rejection. Where SO4
2-
 would react with H
1+
 forming HSO4
1-
, and 
since it has the same charge as the membrane, the membrane would reject HSO4
1-
 because of 
the repulsion interaction between them, and because it has a big ion size, its rejection would 
increase. The low rejection values for both ions can be explained by the electro-neutrality 
condition, were Na
1+
 and SO4
2-
 had to move from the higher charge concentration area to the 
lower charge concentration area until the electro-neutrality condition at both sides of the 
membrane was reached. Low rejection might also be caused by the increase in Na
1+
 
concentration near the membrane surface, where the membrane charge becomes neutralised, 
which would affect the membrane ability to reject ions. As a result, the ion rejection would 
decrease because it can permeate more freely through the membrane.       
 
Figure 8-89. Na2SO4 solution rejection versus TMP at pH = 7. 
The third solution was prepared by diluting sodium chloride (NaCl) and sodium sulphate 
(Na2SO4) in distilled water, where the concentration of each salt was about 0.1M. Then the 
solution pH was adjusted to the value of 7 by using 0.1M NaOH solution. The mixed salt 
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increased from 4.4E-07 to 6.8E-06 m
3
/m
2
/s as the TMP increased. The highest rejection of all 
ions was at the lowest TMP, where the rejection of SO4
2-
 was about 28.4%, the rejection of 
Cl
1-
 was about 24.1% and the rejection of Na
1+
 was about 32.0%. When excluding the lowest 
TMP value, the rejection of the three ions remained constant as the TMP increased. It was 
found that the rejection of sodium (Na
1+
) was the highest of them all, then the rejection of 
sulphate (SO4
2-
) ions, and the lowest rejection was the rejection of chloride (Cl
1-
) ions. See 
Figure 8-90. When comparing the permeation of distilled water through the membrane, 
before and after mixed salt solution permeation through the membrane, it was found that 
distilled water permeation was higher than that of mixed salt solution. This means that 
fouling did not occur or it was weak and did not have an effect on separation. The pH of the 
inlet, retentate and permeate remained constant as the TMP increased. See Figure 8-86. The 
conductivity of the inlet did not have a specific trend as the TMP increased, but in general, 
the difference between the highest and lowest reading was small. The conductivity of 
retentate and permeate increased as the TMP increased. The permeate conductivity was lower 
than the inlet and the retentate conductivity. See Figure 8-87. 
The rejection of SO4
2-
 was higher than the rejection of Cl
1-
. This might be due to the ion size, 
where SO4
2-
 has a bigger ion size than Cl
1-
 thus SO4
2-
 had a higher rejection. Also, the SO4
2-
 
ion has a higher ion charge than the Cl
1-
 ion, thus its repulsion away from the membrane 
would be stronger resulting in higher rejection. Ion speciation may have an effect on the 
rejection of SO4
2-
, where it reacts with H
1+
 forming HSO4
1-
. Since it has a negative charge, 
repulsion between HSO4
1-
 and the membrane charge (which is negative in this case) forcing 
HSO4
1-
 to move away from the membrane and back to the feed solution. Also, HSO4
1-
 
rejection would be higher than Cl
1-
 because it has a bigger ion size, where it will be difficult 
to diffuse through the membrane pores. The rejection of Na
1+
 was higher than the rejection of 
Cl
1-
 and SO4
2-
.
 
Even though Na
1+
 has, the smallest ion size and the opposite charge sign of 
that of the membrane charge, for these reasons it should have the lowest rejection but this 
was not the case. The low rejection values for all ions might be due to the electro-neutrality 
condition and membrane charge shielding. In the case of electro-neutrality condition, Na
1+
, 
Cl
1-
 and SO4
1-
 had to move from the higher charge concentration area to the lower charge 
concentration area until the electro-neutrality condition at both sides of the membrane was 
reached. Since attraction between the membrane charge and Na
1+
 occurred, the concentration 
of Na
1+
 near the membrane would start to build up. As a result, the membrane charge would 
be shielded by Na
1+
 charge and consequently the membrane charge would be neutralised. 
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Because of the membrane charge neutralisation, the permeation of ions through the 
membrane would be easier; as a result, the rejection of ions by the membrane would 
decrease.   
 
Figure 8-90. Mixed salts solution rejection versus TMP at pH = 7. 
8.6.3.3 pH 10 
The first solution was prepared by diluting sodium chloride (NaCl) in distilled water, where 
the concentration was about 0.1M. Then the solution pH was adjusted to the value of 10 by 
using 0.1M NaOH solution. NaCl permeate flux (volume flux based on the membrane area) 
through the membrane increased from 4.19E-07 to 8.67E-06 m
3
/m
2
/s as the TMP increased. It 
was found that the rejection of chloride (Cl
1-
) ions was higher than the rejection of sodium 
(Na
1+
) ions. The highest rejection of both ions was at the lowest TMP, where the rejection of 
Cl
1-
 was about 27.5% and the rejection of Na
1+
 was about 25.5%. When excluding the lowest 
TMP value, the rejection of Cl
1-
 increased as the TMP increased. On the other hand, the 
rejection of Na
1+
 decreased as the TMP increased until it reached 0.925 bar, then it started to 
increase as the TMP increased. See Figure 8-91. When comparing the permeation of distilled 
water through the membrane, before and after sodium chloride (NaCl) solution permeation 
through the membrane, it was found that distilled water permeation was higher than that of 
the sodium chloride (NaCl) solution. This means that fouling did not occur or it was weak 
and did not have an effect on separation. The pH of the inlet and retentate remained constant 
as the TMP increased, while the permeate pH increased as TMP increased. See Figure 8-80. 
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the permeate conductivity decreased as the TMP increased. The permeate conductivity was 
higher than the inlet and retentate conductivities. See Figure 8-81.   
The rejection of Na
1+
 was lower than the rejection of Cl
1-
. This can be explained by the ion 
size, since Cl
1-
 has a bigger ion size than Na
1+
, thus Cl
1-
 permeating through the membrane 
pores would be more difficult causing a higher rejection. Also, these results can be explained 
by the ion charge, where Cl
1-
 has the same charge sign as that of the membrane, thus 
repulsion occurs causing the Cl
1-
 ion to diffuse back to the solution resulting in higher Cl
1-
 
rejection. The low rejection values for both ions might be due to the electro-neutrality 
condition, were Na
1+
 and Cl
1-
 had to move from the higher charge concentration area to the 
lower charge concentration area until the electro-neutrality condition at both sides of the 
membrane was reached. Also, lower rejection might be due to the neutralisation of the 
membrane charge by Na
1+
, which would affect the membrane ability to reject ions. As a 
result, the ion rejection would decrease because it can permeate more freely through the 
membrane. The rejection of Na
1+
 and Cl
1-
 might have been affected by the permeation of H
1+
 
and OH
-1
 through the membrane. It can be noticed that OH
-1
 ion permeation through the 
membrane increased as the TMP increased because the permeate pH increased as the TMP 
increased. In addition, according to the electro-neutrality condition, a specific amount of ions 
permeates through the membrane, thus the rejection of Cl
1-
 increased. As a result of the 
increase in the permeation of OH
1-
, the rejection of Na
1+
 decreased because Na
1+
 had to 
permeate through the membrane to obtain the electro-neutrality condition. On the other hand, 
H
1+
 ion should have permeated through the membrane rather than Na
1+
 because it had a 
smaller ion size. Nevertheless, because of ion speciation, H
1+
 would react with Cl
1-
 forming 
HCl; as a result, Na
1+
 ions permeated through the membrane to obtain the electro-neutrality 
condition.          
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Figure 8-91. NaCl solution rejection versus TMP at pH = 10.   
The second solution was prepared by diluting sodium sulphate (Na2SO4) in distilled water, 
where the concentration was about 0.1M. Then the solution pH was adjusted to the value of 
10 by using 0.1M NaOH solution. Na2SO4 permeate flux (volume flux based on the 
membrane area) through the membrane increased from 2.5E-07 to 5.80E-06 m
3
/m
2
/s as the 
TMP increased. In general, it can be said that the rejection of sulphate (SO4
2-
) ions was higher 
than the rejection of sodium (Na
1+
) ions. The highest rejection of both ions was at the lowest 
TMP, where the rejection of SO4
2-
 was about 54.6% and the rejection of Na
1+
 was about 
48.8%. When excluding the lowest TMP value, the rejection of SO4
2-
 and Na
1+
 remained 
constant as the TMP increased. See Figure 8-92. When comparing the permeation of distilled 
water through the membrane, before and after sodium sulphate (Na2SO4) solution permeation 
through the membrane, it was found that distilled water permeation was higher than that of 
the sodium sulphate (Na2SO4) solution. This means that fouling did not occur or it was weak 
and did not have an effect on separation. The pH of the inlet and retentate remained constant 
as the TMP increased, while permeate pH increased as the TMP increased. See Figure 8-83. 
The conductivity of the inlet did not have a specific trend as the TMP increased, but the 
difference between the highest and lowest reading was small. The retentate conductivity 
remained constant as the TMP increased. On the other hand, the permeate conductivity 
decreased as the TMP increased. The permeate conductivity was higher than the inlet and the 
retentate conductivity. See Figure 8-84.   
The rejection of Na
1+
 was lower than the rejection of SO4
2-
, which may be due to the ion size 
and charge. Where the SO4
2-
 ion has a bigger ion size than Na
1+
 , thus SO4
2-
 has a higher 
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rejection. Since SO4
2-
 has the same charge sign as that of the membrane, repulsion occurs, 
causing the SO4
2-
 ion to diffuse back to the feeding solution resulting in higher SO4
2-
 
rejection than Na
1+
 rejection. Na
1+
 has an opposite charge of the membrane charge, which 
caused attraction between Na
1+
 and the membrane charge, resulting in the permeation of Na
1+
 
through the membrane. Low rejection values for both ions can be explained by the electro-
neutrality condition and membrane charge neutralisation. Na
1+
 and SO4
2-
 ions had to move 
from the higher charge concentration area to the lower charge concentration area until 
electro-neutrality condition at both sides of the membrane was reached. Additionally, lower 
rejection might be due to the neutralisation of the membrane charge by Na
1+
, which would 
affect the membrane ability to reject ions. As a result, the ions rejection would decrease 
because they can permeate more freely through the membrane. The rejection of Na
1+
 and 
SO4
2-
 might have been affected by the behaviour of H
1+
 and OH
-1
. Because of ion speciation, 
H
1+
 would react with SO4
2-
 forming HSO4
1-
; since it has a big ion size and negative charge it 
would be rejected by the membrane, thus increasing the rejection of SO4
2-
. In addition, it can 
be noticed that OH
1-
 ion permeation through the membrane increased as the TMP increased 
because the permeate pH increased as the TMP increased. Moreover, according to the 
electro-neutrality condition, a specific amount of ions permeates through the membrane; 
consequently, the rejection of SO4
2-
 increased. Because of the increase in the permeation of 
OH
1-
 and the decrease in the permeation of H
1+
, the rejection of Na
1+
 decreased because Na
1+
 
had to permeate through the membrane to obtain the electro-neutrality condition.  
 
 Figure 8-92. Na2SO4 solution rejection versus TMP at pH = 10. 
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(Na2SO4) in distilled water, where the concentration of each salt was about 0.1M. Then the 
solution pH was adjusted to the value of 10 by using 0.1M NaOH solution. The mixed salt 
solution permeates flux (volume flux based on the membrane area) through the membrane 
increased from 4.6E-07 to 8.3E-06 m
3
/m
2
/s as the TMP increased. The highest rejection of all 
ions was at the lowest TMP, where the rejection of SO4
2-
 was about 34.1%, the rejection of 
Cl
1-
 was about 28.8% and the rejection of Na
1+
 was about 38.5%. When excluding the lowest 
TMP value, the rejection of Na
1+
 ions remained constant as the TMP increased, while the 
rejections of SO4
2-
 and Cl
1-
 increased then decreased as the TMP increased. It was found that 
the rejection of sodium (Na
1+
) was the highest of them all, and then was the rejection of 
sulphate (SO4
2-
) ions, and the lowest rejection of them all was the rejection of chloride (Cl
1-
) 
ions. See Figure 8-93. When comparing the permeation of distilled water through the 
membrane, before and after mixed salt solution permeation through the membrane, it was 
found that distilled water permeation was higher than that of the mixed salt solution. This 
means that fouling did not occur or it was weak and did not have an effect on separation. The 
pH of the inlet and retentate remained constant as the TMP increased, while the pH of 
permeate increased as the TMP increased. See Figure 8-86. The conductivity of the retentate 
and permeate increased as the TMP increased. On the other hand, the inlet conductivity did 
not have a specific trend as the TMP increased, but in general, the difference between the 
highest and lowest values was small. The permeate conductivity was lower than the inlet and 
the retentate conductivity. See Figure 8-87. 
Na
1+
 had the highest rejection of all ions, and the rejection of SO4
2-
 was higher than the 
rejection of Cl
1-
. Higher rejection of SO4
2-
 than the rejection of Cl
1-
 might be due to the ion 
size and charge, where SO4
2-
 has a bigger ion size than Cl
1-
; as a result, SO4
2-
 had higher 
rejection. Since SO4
2-
 and Cl
1-
 had, the same charge as the membrane, repulsion would occur 
resulting in rejecting SO4
2-
 and Cl
1-
 ions to permeate through the membrane. In addition, the 
SO4
2-
 ion has a higher ion charge than the Cl
1-
 ion, thus its repulsion away from the 
membrane would be stronger, resulting in higher rejection. Despite the fact that Na
1+
 has the 
smallest ion size and opposite charge sign of that of the membrane charge, the rejection of 
Na
1+
 was higher than the rejections of Cl
1-
 and SO4
2-
. Na
1+
 rejection result might be due to 
ion speciation, which will be explained later. Low ion rejection values can be explained by 
the electro-neutrality condition and membrane charge neutralisation, where Na
1+
, Cl
1-
 and 
SO4
2-
 ions had to move from the higher charge concentration area to the lower charge 
concentration area until the electro-neutrality condition at both sides of the membrane was 
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reached. In addition, lower rejection might be due to the neutralisation of the membrane 
charge by Na
1+
, which would affect the membrane ability to reject ions. As a result, the ion 
rejection would decrease because it can permeate more freely through the membrane. The 
rejection of Na
1+
, Cl
1-
 and SO4
2-
 ions might have been affected by the behaviour of H
1+
 and 
OH
-1
. Because of ion speciation, H
1+
 would react with SO4
2-
 forming HSO4
1-
; since it has a 
big ion size and negative charge, it would be rejected by the membrane, thus increasing the 
rejection of SO4
2-
. Moreover, this explains the higher rejection of SO4
2-
 than Cl
1-
 rejection. In 
addition, it can be noticed that OH
1-
 ion permeation through the membrane increased as the 
TMP increased because the permeate pH increased as the TMP increased. Moreover, 
according to the electro-neutrality condition, a specific amount of ions permeates through the 
membrane; consequently, the rejections of Cl
1-
 and SO4
2-
 increased. As a result of the 
increase in the permeation of OH
1-
 and the decrease in permeation of H
1+
, the rejection of 
Na
1+
 should have decreased because Na
1+
 had to permeate through the membrane to obtain 
the electro-neutrality condition, but in this case, it increased. The only explanation for Na
1+
 
high rejection would be the increase of H
1+
 concentration near the membrane surface. The 
increase in the concentration of H
1+
 would have shielded the membrane charge, and as a 
result, repulsion between Na
1+
 and H
1+
 would have occurred, which would increase the 
rejection of Na
1+
 and decrease the rejections of Cl
1-
 and SO4
2-
.   
 
Figure 8-93. Mixed salts solution rejection versus TMP at pH = 10. 
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Three different pH values were investigated which were 3, 7 and 10. For each pH value, two 
single salt and one binary salt solutions were prepared and their pH values were adjusted 
using 0.1M HCl and 0.1M NaOH solutions. In the case of pH 3, for NaCl solution it was 
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noticed that the rejection of Cl
1-
 ions was lower than the rejection of Na
1+
 ions, and the 
highest rejection of both ions was at the lowest TMP. For Na2SO4 solution, it was noticed that 
the rejection of SO4
2-
 ions was lower than the rejection of Na
1+
 ions, and the highest rejection 
of both ions was at the lowest TMP. For NaCl and Na2SO4 solution, it was noticed that the 
rejection of SO4
2-
 ions was higher than the rejection of Cl
1-
 ions, and the highest rejection of 
all ions was at the lowest TMP. The rejection of Na
1+
 was higher than the rejection of Cl
1-
, 
and was higher than the rejection of SO4
2-
 when TMP is lower than 1.4 bar, even though Na
1+
 
has the smallest ion size. In the case of pH 7, for NaCl solution, it was noticed that the 
rejection of Cl
1-
 ions was lower than the rejection of Na
1+
 ions. The highest rejection of both 
ions was at the lowest TMP. For Na2SO4 solution, it was noticed that the rejection of SO4
2-
 
ions was higher than the rejection of Na
1+
 ions. The highest rejection of both ions was at the 
lowest TMP. For NaCl and Na2SO4 solution it was noticed that the highest rejection of all 
ions was at the lowest TMP, and if the lowest TMP was excluded then the rejection of the 
three ions remained constant as the TMP increased. The rejection of Na
1+
 was higher than the 
rejections of Cl
1-
 and SO4
2-
.
 
The rejection of SO4
2-
 was higher than the rejection of Cl
1-
. The 
permeate flux increased as the TMP increased, on the hand the rejection decreased as the 
TMP increased. In the case of pH 10, for NaCl solution it was noticed that the rejection of 
Cl
1-
 ions was higher than the rejection of Na
1+
 ions. The highest rejection for both ions was at 
the lowest TMP. The rejection of Na
1+
 was lower than the rejection of Cl
1-
. For Na2SO4 
solution, it was noticed that the rejection of SO4
2-
 ions was higher than the rejection of Na
1+
 
ions. The highest rejection of both ions was at the lowest TMP, but if the lowest TMP was 
excluded then the rejection of SO4
2-
 and Na
1+
 remained constant as the TMP increased. For 
NaCl and Na2SO4 solution it was noticed that Na
1+
 ions had the highest rejection of them all, 
and then was the rejection of SO4
2-
 ions, and Cl
1-
 ions had the lowest rejection. In general, the 
ions rejection was not affected by the change in the pH of the solution. For an example, the 
rejections of NaCl from a pH controlled solution around pH 3 and 7 and non-controlled pH 
solutions were similar, but the rejection from a pH 10 solution differed. Where the rejection 
from pH 10 solution was lower than the rest of the rejection values and the rejection of Cl
1-
 
was higher than the rejection of Na
1+
. The pH had an effect on the behaviour of the cation 
and the anion rejection but not the rejections value.  
8.7 Flux-step method 
In this work, a ceramic nanofiltration membrane was used (the membrane made of TiO2, with 
Chapter 8  Experiments 
252 
 
7.00 mm I.D, 10 mm O.D and length of 190 mm, with 1.0 nm mean pore radius, from inopor 
company). It was used to desalinate water samples containing magnesium chloride and 
magnesium sulphate. The salt concentration value that was used is 0.1 M. To study the 
separation behaviour of the membrane, distilled water was used at first, and then followed by 
distilled water with a single or mixed salt solution. The results of distilled and brackish water 
were compared to describe the separation behaviour and to find out if fouling took place.  
8.7.1 Materials 
One set of solutions was used, where the cation Mg
2+
 was the common ion. The salts that 
were used were magnesium sulphate (MgSO4) and magnesium chloride (MgCl2). At first, a 
single solution of each salt was prepared with 0.1M concentration. Then a mixed solution of 
both salts was prepared at 0.1M concentration for each salt. Single and binary salt solutions 
were used to compare the effect of ion type and charge on separation. 
8.7.2 Experimental procedure 
At first distilled water was desalinated using 1.0 nm membrane at constant feed flow rate, 
which was equal to 1.22E-5 m
3
/s (44 l/h). Then the inlet pressure was recorded and 
monitored for 60 minutes to see if any changes occurred to the TMP, and the final TMP was 
recorded. Afterwards, the inlet flow rate was increased each 60 minutes, and during this, the 
TMP was monitored. The inlet flow rate was controlled by changing the pump speed. During 
the experiments, for each different feed flow rate, the permeate sample was collected for 55 
minutes. The pH and conductivity for each sample were measured to make sure that the 
process was stable and there was nothing affecting the process. The same procedure for the 
single and binary salt solutions was followed. After each experiment, the membrane was 
cleaned continuously for at least 18 hours with distilled water.  
8.7.3 Results  
The first solution that was used was prepared by diluting magnesium sulphate (MgSO4) in 
distilled water. During the experiment, it was noticed that for each different flux used, the 
TMP for that specific flux did not change with time, which means that fouling did not occur 
and the process was stable. As a result, the rate of increase in TMP (see equation 8.2) would 
be equal to zero. When comparing the ion rejection with TMP, it was found that the rejection 
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of sulphate ions (SO4
2-
) was slightly higher than the rejection of magnesium ions (Mg
2+
). The 
highest rejection for both ions was at the lowest TMP, where the rejection of SO4
2-
 was about 
72.4% and the rejection of Mg
2+
 was about 72.1%. The rejection of SO4
2-
 and Mg
2+
 decreased 
as the TMP increased. See Figure 8-94. MgSO4 permeate flux (volume flux based on the 
membrane area) through the membrane increased from 1.4E-07 to 2.30E-06 m
3
/m
2
/s as the 
inlet flow rate increased. In addition, when comparing the permeation of distilled water 
through the membrane, before and after MgSO4 solution permeation through the membrane, 
it was found that distilled water permeation through the membrane was higher than the 
MgSO4 solution permeation through the membrane. This means that fouling did not occur or 
was weak and did not have an effect on separation. 
It was found that several factors affect the rejection of ions such as the ion size, the 
electrostatic interaction between the membrane charge and the ion charge, and the electro-
neutrality condition. In the case of magnesium sulphate (MgSO4), the rejection of SO4
2-
 was 
higher than the rejection of Mg
2+
. This might be explained by the electrostatic interaction 
between the membrane and ion charge. Where the membrane charge is negative and Mg
2+
 
charge is positive, which causes attraction between them; as a result, Mg
2+
 passes more freely 
through the membrane than SO4
2-
. On the other hand, SO4
2-
 has a negative charge, which is 
the same as the membrane charge. This would cause repulsion between the membrane and 
SO4
2-
 causing the rejection of SO4
2-
 and not allowing it to pass through the membrane. Also, 
ion size played a role in rejection, where SO4
2-
 ion size is bigger than the Mg
2+
 ion size, 
which would cause Mg
2+
 to pass more freely through the membrane pores than SO4
2-
. In 
addition, a higher rejection of SO4
2-
 might be due to acid-based behaviour, where SO4
2-
 
would react with H
1+
 forming HSO4
1-
. Since HSO4
1-
 has a negative charge, then repulsion 
between HSO4
1-
 and the membrane charge would occur, resulting in the increase of SO4
2-
 
rejection. The electro-neutrality condition might explain the low rejection values. According 
to this condition, SO4
2-
 and Mg
2+
 ions move from the higher concentration to the lower 
concentration side until equilibrium is reached. As a result, SO4
2-
 and Mg
2+
 ions would move 
from the high concentration side of the membrane to the permeate side of the membrane until 
electro-neutrality at both sides of the membrane is reached.  
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Figure 8-94. Magnesium sulphate solution rejection versus TMP. 
The second solution was prepared by diluting magnesium chloride (MgCl2) in distilled water. 
It was noticed that for each different flux used, the TMP for that specific flux did not change 
with time, which means that fouling did not occur and the process was stable. As a result, the 
rate of increase in TMP (see equation 8.2) would be equal to zero. When comparing the ion 
rejection with TMP, it was found that the rejection of chloride ions (Cl
1-
) was slightly higher 
than the rejection of magnesium ions (Mg
2+
). The highest rejection for both ions was at the 
lowest TMP, where the rejection of Cl
1-
 was about 76.0% and the rejection of Mg
2+
 was 
about 76.3%. The rejection of Cl
1-
 and Mg
2+
 decreased as the TMP increased. See Figure 8-
95. MgCl2 permeate flux (volume flux based on the membrane area) through the membrane 
increased from 1.1E-07 to 1.7E-06 m
3
/m
2
/s as the inlet flow rate increased. Also, when 
comparing the permeation of distilled water through the membrane, before and after MgCl2 
solution permeation through the membrane, it was found that distilled water permeation 
through the membrane was higher than MgCl2 solution permeation through the membrane. 
This means that fouling did not occur or was weak and did not have an effect on separation.   
Several factors would affect the rejection of ions such as the ion size, the electrostatic 
interaction between the membrane and ion charge and the electro neutrality condition. In the 
case of magnesium chloride (MgCl2), the rejection of Cl
1-
 was higher than the rejection of 
Mg
2+
. This might be explained by the electrostatic interaction between the membrane and ion 
charge. Since the membrane charge is negative and Mg
2+
 charge is positive, as a result an 
attraction would occur between them causing Mg
2+
 ions to permeate more freely through the 
membrane than Cl
1-
. On the other hand, Cl
1-
 has a negative charge, which is the same as the 
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membrane charge. This would cause repulsion between the membrane and Cl
1-
 causing the 
rejection of Cl
1-
 and not allowing it to permeate through the membrane. In addition, ion size 
played a role in the rejection, where Cl
1-
 ion size is bigger than Mg
2+
 ion size, which would 
cause Mg
2+
 to pass more freely through the membrane pores than Cl
1-
. The electro-neutrality 
condition might explain the low rejection values. According to this condition, the ions move 
from the higher concentration to the lower concentration side until equilibrium is reached. As 
a result, Mg
2+
 and Cl
1-
 would move from the high concentration side of the membrane to the 
permeate side of the membrane until electro-neutrality at both sides of the membrane is 
reached. Also, membrane charge shielding would decrease the rejection of Mg
2+
 and Cl
1-
. 
Since the Mg
2+
 ion has the same charge as the membrane, Mg
2+
 ions would be attracted by 
the membrane, thus the concentration of Mg
2+
 near the membrane would increase. As the 
concentration of Mg
2+
 ions near the membrane build up, the membrane charge would be 
neutralised. Consequently, the Mg
2+
 and Cl
1-
 ions would permeate through the membrane 
easily, which decreased their rejection.     
 
Figure 8-95. Magnesium chloride solution versus TMP. 
The third solution was prepared by diluting magnesium chloride (MgCl2) and magnesium 
sulphate (MgSO4) in distilled water. In general, the rejection of ions took the following trend: 
except at the lowest TMP, R of sulphate (SO4
2-
) > R of chloride (Cl
1-
) > R of magnesium 
(Mg
2+
). See Figure 8-96. The highest rejection for all the ions was at the lowest TMP, where 
the rejection of Cl
1-
 was about 50.8%, the rejection of SO4
2-
 was about 57.4%, and the 
rejection of Mg
2+
 was about 52.3%. When excluding the minimum TMP value, in general it 
can be noticed that the rejection of Cl
1-
, SO4
2-
 and Mg
2+
 stayed constant as the TMP 
increased. The mixed salt solution permeates flux (volume flux based on the membrane area) 
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through the membrane increased from 1.7E-07 to 2.7E-06m
3
/m
2
/s as the inlet flow rate 
increased. Also, when comparing the permeation of distilled water through the membrane, 
before and after mixed salt solution permeation through the membrane, it was found that 
distilled water permeation was higher than the mixed salt solution. This means that fouling 
did not occur or it was weak and did not have an effect on separation. 
The rejection of SO4
2-
 was higher than the rejection of Cl
1-
, which can be explained by the ion 
size and the repulsion force between the ions and the membrane. Where the ion size of SO4
2-
 
is bigger than the ion size of Cl
1-
 and as a result, it would be more difficult for SO4
2-
 ions
 
to 
diffuse through the membrane pores and as a result, they would have higher rejection. SO4
2-
 
and Cl
1-
 have the same charge as the membrane, which would cause repulsion between SO4
2-
 
and Cl
1-
 ions and the membrane charge, thus SO4
2-
 and Cl
1-
 ions would be rejected by the 
membrane. Since SO4
2-
 has a higher ion charge than Cl
1-
 ions, this would cause higher 
repulsion force between SO4
2-
 ions and the membrane charge than between Cl
1-
 ions and the 
membrane, resulting in higher rejection of SO4
2-
 ions than Cl
1-
 ions. Mg
2+
 had the lowest 
rejection value (excluding the lowest TMP) and opposite ion charge than that of the 
membrane charge. Because it had the smallest ion size, this helped the ions to diffuse more 
freely through the membrane. Moreover, since it had the opposite charge sign of that of the 
membrane, this caused attraction between Mg
2+
 and the membrane causing it to diffuse more 
freely through the membrane. At the lowest TMP, the rejection of ions followed the 
following trend: R of sulphate (SO4
2-
) > R of magnesium (Mg
2+
) > R of chloride (Cl
1-
). The 
rejection of Mg
2+
 cannot be explained by the ion size because it has a smaller ion size than 
Cl
1-
. This might be related to the membrane material, where if Cl
1-
 had higher diffusivity 
coefficient than Mg
2+
; as a result, it would diffuse more freely through the membrane and 
would have lower rejection. In general, the low rejection of Mg
2+
, SO4
2-
 and Cl
1-
 ions may be 
due to the electro-neutrality condition. Because of the electro-neutrality Cl
1-
, SO4
2-
 and Mg
2+
 
ions had to permeate through the membrane in order to reach the electro-neutrality condition 
at both sides of the membrane, causing low rejection values. In addition, membrane charge 
shielding would decrease the rejection of Mg
2+
, Cl
1-
 and SO4
2-
. Since Mg
2+
 ion has the same 
charge of the membrane; as a result, the concentration of Mg
2+
 near the membrane would 
increase because of the attraction between Mg
2+
 and the membrane charge; consequently, the 
concentration of Mg
2+
 ions near the membrane build-up, and the membrane charge would be 
neutralised. Consequently, the rejection of Mg
2+
, Cl
1-
 and SO4
2- 
decreased.     
Chapter 8  Experiments 
257 
 
 
Figure 8-96. Mixed salt solution rejection versus TMP. 
8.8 Critical flux 
Another important parameter in characterising nanofiltration membrane is the critical flux. 
The critical flux is known as the flux where below it the flux does not decrease with time, and 
above it fouling can be observed. There are two forms of the critical flux: the strong critical 
flux and the weak critical flux. The strong critical flux is the flux where TMP starts to deviate 
from the distilled water flux, and the membrane resistance for the solution and distilled water 
is the same. The weak critical flux is the flux where all of its values are lower than that of the 
distilled water flux, where the membrane resistance for the solution is different from that of 
the distilled water. As a result, the critical flux is the flux where the TMP deviates from the 
distilled water flux or it is the flux at which irreversible fouling occurs.  
The flux was found to be a critical flux, which was obtained by comparing the permeation of 
salt solution through 0.9nm and 1.0nm membranes with the permeation of distilled water. 
This was the case for the different salt solutions and different concentrations. The distilled 
water was permeated through the membrane before and after the permeation of salt solution, 
and for both cases, the flux was a weak critical flux. As an example, see figure 8-97. The 
permeation of distilled water before and after the permeation of salt solution was similar, 
which means fouling did not occur and the membrane was clean. 
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Figure 8-97. Jv (m
3/m2/s) versus TMP. 
8.9 Summary 
This chapter discusses the different experimental procedures that were used to understand the 
separation behaviour of ions from brackish water using ceramic nanofiltration membrane. 
Ceramic (TiO2) nanofiltration membrane with 0.9 and 1.0 nm pore radii were used. Ceramic 
nanofiltration membrane was chosen because it has longer life than other membrane types 
and can be restored to its original conditions by using simple cleaning methods. Another 
reason for choosing ceramic membranes was the obstacles that were encountered while using 
polymer flat sheet nanofiltration membranes and the unsatisfactory obtained results. The 
membrane ISP point was gained by measuring the membrane zeta-potential. The membrane 
active layer thickness was obtained by using SEM-EDXS equipment. The rejection of 
different types of cations and anion was measured for different feed concentrations, pH 
values of the feed solution and TMP. Membrane fouling was monitored and the type of the 
critical flux was obtained by comparing the permeation of distilled water with the permeation 
of solution through the membrane.  
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Chapter 9 Modelling                  
A model is very important in predicting the membrane performance, understanding the 
separation mechanism for various substances, selecting the appropriate membrane for a 
specific application and process design and optimization. The permeation of ions through 
nanofiltration membrane can be described by using the extended Nernst-Planck equation, 
where it describes the solute concentration change inside the membrane and the change 
between the feed and the permeate concentrations, (refs. 7, 14, 97, 103, 138, 169, 170, 289, 
290, 295, 297). The extended Nernst-Planck equation describes the transport of ions through 
nanofiltration membrane in terms of concentration gradient, electrical potential gradient and 
pressure difference across the membrane, (refs. 68, 219, 319, 321, 323, 325, 326, 336, 348). 
This chapter discusses the mathematical modelling of the extended Nernst-Planck equation 
was used due to its description of the ionic transport mechanisms through nanofiltration 
membranes. The mathematical model was developed for a negatively charged membrane and 
one type of electrolyte system, i.e. charged solutes. The charged electrolyte system is in the 
form of a salt solution containing one anion and one cation species. The existence of a cation 
and an anion will cause the Donnan effect and consequently affect the separation 
performance together with the steric effect.  
The extended Nernst-Planck equation covers all of the three important aspects in transport 
mechanisms through nanofiltration membrane: diffusion, electro-migration and convection. 
Four assumptions were made 
 The solution is assumed ideal. 
 The membrane charge capacity is uniform. 
 All the ions that exist in the membrane are transportable. 
 The Donnan equilibrium takes place at the membrane/feed interface, and the 
membrane/permeate interface.  
The model development is based on two approaches: the irreversible thermodynamic 
approach and the hydrodynamic approach, which are governed by both the steric and the 
charge effects, which in turn govern the ion transport through nanofiltration membrane. The 
steric effect is caused by the difference between the membrane pore radius and the solute ion 
radius, while the Donnan effect is actually the result of the charge polarities between the 
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membrane and the solute. These combined effects influence the selectivity of the membrane. 
The concentration gradient and the electrical potential gradient cause ion diffusion across 
nanofiltration membranes, whilst the pressure difference causes convection of ions across 
nanofiltration membrane. 
The derivation of the extended Nernst-Planck equation is explained in chapter 7. The 
extended Nernst-Planck equation is given as 
dx
d
F
RT
Dcz
dx
dc
DJcKj
piiii
pivicii


,
,,   (9.1) 
where ji is the flux of ion (i) based on the membrane area (mol/m².s), Di,p is the hindered 
diffusivity (m²/s), ci is the concentration in the membrane (mol/m³), zi is the valence of ion 
(i), Ki,c is the hindrance factor for convection inside the membrane, Jv is the volume flux 
based on the membrane area (m
3
/m
2
/s), R is the gas constant (J/mol.K), T is the absolute 
temperature (K), F is Faraday constant (C/mol) and  is the electrical potential (V). 
Transport of ions through the membrane is obtained by implying a set of boundary 
conditions. The ions rejection is calculated by writing the Nernst-Planck equation in the form 
of concentration and potential gradients. To obtain the concentration gradient, the ion flux is 
related to its concentration as 
vpii JCj ,     (9.2) 
where Ci,p is the concentration of ion (i) in the permeate (mol/m³). Substituting equation (9.2) 
into equation (9.1) and rearranging it gives the concentration gradient as follows  
 
dx
d
F
RT
cz
CcK
D
J
dx
dc ii
piici
pi
vi  ,,
,
 (9.3) 
To obtain the potential gradient, several conditions were implied. The electro-neutrality 
conditions are fulfilled in the following order: the feed, the membrane and the permeate, as in 
equations (9.4) and (9.5). The membrane effective charge (Xd) is assumed to be constant and 
is given as 



n
i
dii Xcz
1
   (9.4) 
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where Xd is the effective membrane charge density (mol/m³). The electro-neutrality condition 
in the bulk solution is given as 



n
i
iiCz
1
0     (9.5) 
The electro-neutrality condition in the permeate solution is given as 



n
i
piiCz
1
, 0     (9.6) 
 
By applying the conditions in equations (9.4), (9.5) and (9.6) for equation (9.3) and 
rearranging it, gives the electrical potential gradient as follows 
 


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  (9.7) 
The Donnan equilibrium was assumed to apply at the feed/membrane interface and at the 
membrane/permeate interface. The Donnan equilibrium is given as 










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


D
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i
o
i
ii
RT
Fz
C
c
exp


 (9.8) 
where γi is the activity coefficient of ion (i) in the membrane, γ  i is the activity of ion (i) in the 
bulk solution and  is the steric partitioning term. Where equation (9.8) defines the boundary 
conditions at both sides of the membrane. The steric partitioning term (ref. 323) can be 
calculated by using the following equation  
 21     (9.9) 
where  is the ratio of ionic or solute radius/pore radius. Assuming an ideal conditions then 
the steric partitioning was dropped from Donnan equation. Assuming that the solution is 
dilute then the activity coefficient, to be accounted for inside the membrane by the effective 
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membrane charge density, would be equal to unity. Thus, the Donnan equilibrium becomes as 










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D
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i
i
RT
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C
c
exp   (9.10) 
where ΔΨD is the Donnan potential (V) and Ci is the ion concentration in the solution 
(mol/m³). Then equations (9.3) and (9.7) can be solved over the following conditions 
pii
fii
CCxxat
CCxat
,
,0


 
where Ci,p is the concentration of ion (i) in the permeate (mol/m³) and Ci,f is the concentration 
of ion (i) in the feed (mol/m³). The rejection (R) of ion (i) is given as 
fi
pi
C
C
R
,
,
1   (9.11) 
The hindered diffusivity (Di,p) and the hindrance factor for convection (Ki,c) in Nernst-Planck 
can be obtained from the following equations. The hindered diffusivity is given as follows 
 ,,, idipi DKD    (9.12) 
where Di,∞ is the bulk diffusivity (m
2
/s) and Ki,d is the hindrance factor for diffusion. If the 
solute velocity inside the membrane pores is taken into consideration then the hindrance 
factor for convection (Ki,c) (refs. 6, 125, 201, 312, 324, 325, 326) is given as follows 
   0,2, iici GK     (9.13) 
where G is the hydrodynamic drag coefficient and  is steric partitioning term (given in 
equation 9.9). The hindrance factor for diffusion (refs. 6, 125, 201, 312, 325, 326) is given as 
follows 
 0,1, idi KK 
    (9.14) 
where K is the hydrodynamic drag coefficient and  is the stokes radius of component (i) to 
pore radius ratio. The hydrodynamic drag coefficients (K) and (G) are given as follows (refs. 
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321, 323) 
  321 224.0154.130.20.10, iiiiK  

 (9.15-a) 
  32 441.0988.0054.00.10, iiiiG     ( 9.15-b) 
The ratio of the stokes radius of component (i) to the pore radius ratio () is given as follows 
(refs. 6, 236) 
p
i
i
r
r
     (9.16) 
where rp is the effective pore radius and ri is the stokes radius of component (i). By 
substituting equations (8.9), (8.14), (8.13), (8.15-a), (8.15-b) and (8.15) into equation (8.3) 
and (8.7) gives the following  
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(8.16-b) 
The above equation describes the concentration change inside the membrane depending on 
the effective pore radius and the ion (i) stokes radius. 
9.1 Numerical solution 
Ion permeation through nanofiltration membrane was described by equations (9.3), (9.7) and 
(9.10). Equations (9.3) and (9.7) were integrated across the membrane active layer thickness 
and the internal solute concentrations (ci,1) is related to the bulk feed concentration (Ci,f) at 
the feed/membrane interface and the internal solute concentration (ci,N) is related to the 
permeate concentration (Ci,p) at the membrane/permeate interface through equation (9.10). 
Two mathematical methods were used to integrate equations (9.3) and (9.7): Euler and 
Runge-Kutta. The feed concentration (Ci,f) with equation (9.10) was used to calculate the 
initial concentration inside the membrane (ci,1) and the integration of equations (9.3) and 
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(9.7). Then from the estimate of (ci,N) and the application of equation (9.10) the estimate of 
the permeate concentration (Ci,p) was calculated. Then the ion rejection was calculated using 
equation (9.11). In-order to integrate equation (9.3), it needs to have a value for dΨ/dx, a 
calculation which requires a value of the permeate concentration (Ci,p). It is therefore 
reasoning to solve the model in an iterative function using an initial guess for the value of the 
permeate concentration (Ci,p). Therefore it was assumed that the initial permeate 
concentration (Ci,p) was equal to the feed concentration (Ci,f) which implies that rejection 
does not take place. The feed concentration assumed to be equal to the initial feed 
concentration used in the experiments. The hindered diffusivity (Di,p), the hindrance factor 
for convection inside the membrane (Ki,c) and the Donnan potential (ΔΨD) were obtained 
from literature (refs. 125, 325). The solution was assumed to be dilute, as a result the activity 
coefficient, to be accounted for inside the membrane by the effective membrane charge 
density, would be equal to unity. The membrane thickness and the membrane pore size were 
obtained from the membranes used in the experiments. 
 
Figure 9-1. The programme flowchart. 
Assume that the initial permeate 
concentration is equal to the feed 
concentration (Ci,p = Ci,p) 
 
Integrate equations 9.3 and 9.7 using Euler or 
Runge-Kutta 
 
Calculate change, change > 1.0-7 
Calculate R 
Stop 
Calculate the initial value 
for c1,j 
 
Calculate ci,1 , ci,2 and Ci,p 
 
No 
Yes 
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9.1.1 Euler’s numerical method 
At the beginning, the initial permeate concentration (Ci,p) was assumed to be equal to the feed 
concentration (Ci,f) to be able to calculate the initial value of the concentration inside the 
membrane (ci). Then equation (9.9) was rearranged and written as 






 D
i
fii
RT
Fz
Cc exp,    (9.18) 
where Ci,f is the solute concentration in the feed solution. Equation (9.17) was used to 
determine the initial solute concentration inside the membrane (ci) - at the feed/membrane 
interface - by using the solute feed concentration. Then equation (9.3) was written according 
to Euler’s method as follows 
 
dx
d
F
RT
cz
CcK
D
J
x
cc Nii
piNici
pi
vNiNi 

 ,
,,,
,
,1,
 
 (9.19) 
Equation (9.18) was used to calculate the concentration inside the membrane. Then equation 
(9.7) was used to calculate the potential gradient (dΨ/dx), where it was substituted into 
equation (9.18) to calculate a new value for the solute concentration inside the membrane. 
After that, the step-size was assumed to be equal to the membrane active layer thickness over 
the number of steps (node), where the number of steps (node) was equal to 200, as in the 
following equation 
node
xx
xstep 12

     (9.20) 
where xstep is the step-size, node is the number of steps and x is the membrane active layer 
thickness. The ion concentration inside the membrane active layer changes from ci,1 at the 
feed-solution interface side to ci,200 at the permeate-solution interface side. Afterwards, the 
final concentration inside the membrane was used to calculate the permeate concentration. 
The new value of the solute concentration inside the membrane was used to calculate the 
solute permeate concentration by substituting it into equation (9.20). The solute concentration 
in the permeate is given as 
Chapter 9   Modelling 
266 
 

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
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pi
RT
Fz
c
C
exp
,
   (9.21) 
where Ci,p is the solute concentration in the permeate solution. Then the rejection of ions was 
calculated using equation (9.10). The program used (program-1) is given in Appendix-1. The 
permeation of ions through the membrane active layer is illustrated in figure 9-2. The 
programme would keep running until the difference (change) between the initial and final 
permeate concentration would be greater than 1.0
-7
, the change is given as follows  
pi
pipi
c
cc
change
,
,1, 
     (9.22) 
 
Figure 9-2. Ion transport across a NF membrane, (ref. 317). 
9.1.2 Runge-Kutta numerical method 
The Runge-Kutta method was used to calculate the concentration change inside the 
membrane. At first, the initial permeate concentration was assumed to be equal to the feed 
concentration in order to calculate the initial value of the concentration inside the membrane. 
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Then the initial concentration inside the membrane was calculated by using equation (9.17). 
Afterwards, the potential gradient was calculated by using equation (9.7). Then the initial 
concentration inside the membrane and the potential gradient were substituted into equation 
(9.3), where it was integrated and gave a new value for the concentration inside the 
membrane. After that, the step-size was assumed to be equal to the membrane active layer 
thickness over the number of steps, where the number of steps was equal to 200. The step-
size is given as follows 
nstep
xx
h 12


 
 (9.23) 
where h is the step-size, nstep is equal to 200 and x is the membrane active layer thickness. 
Where the ion concentration inside the membrane active layer changes from ci,1 at the feed-
solution side to ci,200 at the permeate-solution side. Afterwards, the final concentration inside 
the membrane (ci,200) was used to calculate the permeate concentration. The new value of the 
solute concentration inside the membrane was used to calculate the solute permeate 
concentration by substituting it into equation (9.20). Figure 9-2 illustrates the permeation of 
ions through the membrane active layer. The program used (program-2) is given in 
Appendix-2. The programme would keep running until the difference (change) between the 
initial and final permeate concentration would be greater than 0.0000001, as in equation 
(9.21). 
9.2 Results  
The programs have been run for sodium chloride (NaCl) for two different feed concentration 
values at a different volume flux based on the membrane area (m
3
/m
2
/s) values. The used 
concentration values were the same as the values used in the experiments. The model was 
only run for NaCl because it has some limitations for being solved for other types of ions and 
it was hard to obtain any values of the Donnan potential (ΔΨD) for other types of salts.  
9.2.1 First program (Euler method) 
Two different concentrations were used at different volume fluxes (based on the membrane 
area). The concentration values that were used are 10 and 100 mol/m
3
, and the volume flux 
ranged between 1.0E-7 to 9.0E-6 m
3
/m
2
/s. The membrane active layer thickness was assumed 
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equal to 20.0E-6 m. The initial feed concentration, the volumetric flux and the membrane 
active layer thickness values were obtained from the experiments.  
In the first case, when the concentration was equal to 10 mol/m
3
, it was found that the 
rejection of Na
1+
 and Cl
1-
 ions increased as the volume flux increased. In addition, the 
rejection of Cl
1-
 was slightly higher than the rejection of Na
1+
. See Figures 9-3 and 9-4. Such 
results are supported by the Nernst-Planck equation, where the membrane effective charge 
(Xd) would have played a role in causing a difference in the rejection between a cation and an 
anion. The membrane effective charge (Xd) is used as a condition to integrate equation (9.3) 
to obtain the electrical potential gradient, also the electrical potential gradient is used to 
integrate the Nernst-Planck equation to obtain the ions concentration inside the membrane 
and the permeate solution. It was noticed that the ions rejection increased as the permeate 
volume flux (based on the membrane area) increased, such observation supports the trans-
membrane pressure (TMP) where the theory suggests that the ions rejection would increase 
as the TMP increases (refs. 7, 266, 283, 289, 314, 321, 325). The concentration of Na
1+
 and 
Cl
1-
 inside the membrane decreased as the ions moved through the membrane active layer 
from the feed side to the permeate side. It was noticed that the concentration of Na
1+
 ion 
inside the membrane active layer was lower than the concentration of Cl
1-
 ion. See Figures 9-
5 and 9-6. These results are supported by theory where it suggests that the ions concentration 
decreases as the ions moves through the membrane active layer from the feed/membrane 
interface to the membrane/permeate interface (refs. 317, 325).  
 
Figure 9-3. Rejection of Na1+ ion versus Jv (m
3/m2/s). 
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Figure 9-4. Rejection of Cl1- ion versus Jv (m
3/m2/s). 
 
Figure 9-5. Na1+ ion concentration inside the membrane active layer versus the step-size. 
 
Figure 9-6. Cl1- ion concentration inside the membrane active layer versus the step-size. 
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In the second case, when the concentration was equal to 100 mol/m
3
, it was found that the 
rejection of Na
1+
 and Cl
1-
 ions increased as the volume flux increased. In addition, the 
rejection of Cl
1-
 was slightly higher than the rejection of Na
1+
. See Figures 9-7 and 9-8. The 
concentration of Na
1+
 and Cl
1-
 ions inside the membrane active layer decreased as the ions 
moved through the membrane active layer from the feed side to the permeate side. It was 
noticed that the concentration of Na
1+
 ion inside the membrane active layer was lower than 
the concentration of Cl
1-
 ion inside the membrane active layer. See Figures 9-9 and 9-10.  
 
Figure 9-7. Rejection of Na1+ ion versus Jv (m
3/m2/s). 
 
Figure 9-8. Rejection of Cl1- ion versus Jv (m
3/m2/s). 
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Figure 9-9. Na1+ ion concentration inside the membrane active layer versus the step-size. 
 
Figure 9-10. Cl1- ion concentration inside the membrane active layer versus the step-size. 
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 ions increased as the volumetric flux based 
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 and Cl
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. Where repulsion between the membrane charge and the Cl
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was noticed that the concentration of Na
1+
 and Cl
1-
 ions inside the membrane active layer 
decreased as the ions moved through the membrane active layer from the feed side to the 
permeate side, moreover the concentration of the ions inside the membrane active layer 
decreased as the volumetric flux based on membrane area (Jv) increased, as an example see 
figure 9-11, (refs. 317, 325, 326).  
 
Figure 9-11. Na1+ ion concentration inside the membrane active layer versus the step-size (for different volumetric flux (Jv)). 
9.2.2 Second program (Runge-Kutta method) 
In this program, the Runge-Kutta method was used to solve equations (9.3), (9.6) and (9.9) to 
calculate the ion’s concentration change inside the membrane and the ion’s concentration in 
the permeate solution. After calculating the ions permeate concentration, the ions rejection 
was calculated. The calculation of the ion rejection would help in trying to understand the 
conditions that would affect the ion rejection and which parameter can be adjusted in the 
experiments. The step-size (h) which was used in the programme is given as follows 
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xx
h 12


    
(9.24) 
where nstep is the number of steps and (x2-x1) is the membrane thickness. In the program, the 
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Nernst-Planck equation was solved for two different initial feed ion concentrations over 
different volume fluxes (based on the membrane area). The initial feed ion concentrations 
were 10 and 100 mol/m
3
. The volume fluxes (based on the membrane area) that were used 
ranged between 1.0E-7 and 9.0E-6 m
3
/m
2
/s. The membrane thickness was assumed to be 
equal to 20.0E-6 m. 
In the first case, when the concentration was equal to 10 mol/m
3
, it was found that the 
rejection of Na
1+
 and Cl
1-
 ions increased as the volume flux increased. See Figures 9-12 and 
9-13. The rejection of Cl
1-
 was slightly higher than the rejection of Na
1+
. The concentration of 
Na
1+
 and Cl
1-
 inside the membrane decreased as the ions moved through the membrane active 
layer from the feed side to the permeate side. See Figures 9-14 and 9-15. It was noticed that 
the concentration of Na
1+
 ion inside the membrane active layer was lower than the 
concentration of Cl
1-
 ion inside the membrane active layer (refs. 325, 326). 
 
Figure 9-12. Rejection of Na1+ ion versus Jv (m
3/m2/s). 
 
Figure 9-13. Rejection of Cl1- ion versus Jv (m
3/m2/s). 
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Figure 9-14. Na1+ ion concentration inside the membrane active layer versus the step-size. 
 
Figure 9-15. Cl1- ion concentration inside the membrane active layer versus the step-size. 
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Figure 9-16. Rejection of Na1+ ion versus Jv (m
3/m2/s). 
 
Figure 9-17. Rejection of Cl1- ion versus Jv (m
3/m2/s). 
 
Figure 9-18. Na1+ ion concentration inside the membrane active layer versus the step-size. 
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Figure 9-19. Cl1- ion concentration inside the membrane active layer versus the step-size. 
The ion’s rejection from lower feed ion concentration was slightly higher than the ion’s 
rejection from higher feed ion concentration. This agrees with the theory, because as the ions 
concentration in the feed solution increases then the ions accumulation on the feed/membrane 
interface would increase causing the membrane charge effect to decrease and the permeation 
of ions through the membrane active layer would increase. The rejection of Cl
1-
 was higher 
than the rejection of Na
1+
; these results are supported by the Nernst-Planck equation, where 
the membrane effective charge (Xd) would have played a role in causing a difference in the 
rejection between a cation and an anion. It was noticed that the ions rejection increased as the 
permeate volume flux (based on the membrane area) increased, such observation supports the 
trans-membrane pressure (TMP) where the theory suggests that the ions rejection would 
increase as the TMP increases. For both values of the feed concentration, it was noticed that 
the concentration of Na
1+
 and Cl
1-
 inside the membrane decreased as the ions moved through 
the membrane active layer from the feed side to the permeate side. It was noticed that the 
concentration of Na
1+
 ion inside the membrane active layer was lower than the concentration 
of Cl
1-
 ion. For the two initial feed concentration values (10 and 100 mol/m
3
) that were 
assumed, it was noticed that the concentration of Na
1+
 and Cl
1-
 ions inside the membrane 
active layer decreased as the ions moved through the membrane active layer from the feed 
side to the permeate side, beside that the concentration of the Na
1+
 and Cl
1-
 ions inside the 
membrane active layer decreased as the volumetric flux based on membrane area (Jv) 
increased, see figure 9-20, (refs. 317, 325).  
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Figure 9-20. Na1+ ion concentration inside the membrane active layer versus the step-size (for different volumetric flux (Jv)). 
9.3 Discussion 
The same results were obtained when using the Euler and Runge-Kutta methods. The 
difference between the two methods is that the ion’s rejection values obtained by using the 
Runge-Kutta method were slightly higher than the values obtained by the Euler method. 
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as well the electrical potential gradient is used to integrate the Nernst-Planck equation to 
obtain the ions concentration inside the membrane and the permeate solution (see equations 
9.4 and 9.6). Repulsion between the membrane charge and the Cl
1-
 ions would occur while 
attraction between the membrane charge and the Na
1+
 ions would occur, which means that 
Na
1+
 ions would pass more freely through the membrane active layer and the Cl
1-
 ions would 
be rejected. Another parameter that would affect the ions rejection is the membrane active 
layer pore size which appears in the hindrance factor for diffusion (Ki,d) and the hindrance 
factor for convection (Ki,c) as have been explained in equations (9.8), (9.12) and (9.13) (See 
appendix-3 and appendix-4). However, the hindrance factor for diffusion (Ki,d) and the 
hindrance factor for convection (Ki,c) that were used in the model were assumed a constant 
parameters in-order to try to understand other parameters such as the change in the 
concentration feed on the rejection of ions. Similar results were obtained by W. Richard 
Bowen et. al. (refs. 325, 326) over the boundary conditions that were used, where the 
rejection increased as the volumetric flux based on membrane area (Jv) increased. The 
rejection values the found agrees with values obtained in this work. Moreover when applying 
the volumetric flux based on membrane area (Jv) that were used in W. Richard Bowen et. al. 
work, similar results were obtained with the model that was used in this work. Increasing the 
membrane thickness increased ions rejection, where rejection was higher than 40%, which 
agrees with several works that have been for nanofiltration membrane. Nevertheless, in this 
work, the thickness of the membrane active layer was considered as the membrane thickness 
because it is the main part of the membrane where ions separation occurs. In addition, the 
pore radius of the support layer is larger than the ions radius thus the ions would pass easily 
through the support layer; as a result, the support layer thickness can be neglected. However, 
if large molecules were used with such model then the support layer thickness cannot be 
neglected because it would have an impact on the rejection of molecules. Runge-Kutta 
method could solve equation (9.3) when the membrane thickness was assumed to be equal to 
1.40E-3 m, which is the actual membrane thickness including the active layer and the support 
layer. On the other hand, Euler method could not solve equation (9.3) for a membrane 
thickness higher than 6.0E-4 m. Same results were obtained by increasing the step-size for 
both mathematical methods, but as the step-size was further increased Euler method stopped 
working and no results were obtained. The accuracy of both models was checked by doubling 
the step-size, were similar results were obtained.           
9.4 Summary 
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This chapter described the calculation methods for the Nernst-Planck equation. In this 
chapter, the extended Nernst-Planck equation was solved using Euler and Runge-Kutta 
mathematical methods. FORTRAN programme was used to solve the model. This model is 
known for its limitation and for being more descriptive than predictive, and in-order to 
overcome these limitations experimental parameters were used. The chosen ions were Na
1+
 
and Cl
1-
 ions. The model was solved for two different feed concentrations, which were 10 and 
100 mol/m
3
. The membrane active layer thickness was assumed to be equal to 20.0E-6 m, 
which was obtained from the experiments, see section 8-7 in chapter 8. For each 
concentration value, the model was solved for different volume flux values that ranged 
between 1.0E-7 to 9.0E-6 m
3
/m
2
/s. More work need to be done in-order to improve this 
method such understanding the physics of solutions and the properties of ions because they 
have great effect on the nanofiltration separation process. Moreover, more experimental work 
need to be done to try to understand separation behaviour of nanofiltration membrane in-
order to compare it to theoretical model and try to improve the theory  so that it would be 
more predictive.  
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Chapter 10 Conclusion and further work 
The aim of this work was to try to understand the separation behaviour and the permeation 
properties of a TiO2 ceramic nanofiltration membrane for an aqueous solution containing 
inorganic electrolytes. The influences of ion concentration, electrolyte type, feed pH and 
concentration polarisation on the membrane separation behaviour were investigated. 
10.1 Conclusion 
Two different membranes were investigated with pore radii of 0.9 and 1.0nm. The separation 
behaviour of sodium chloride (NaCl), sodium nitrate (NaNO3), sodium sulphate (Na2SO4), 
magnesium chloride (MgCl2), and calcium chloride (CaCl2) was observed in single salt 
solutions and two combinations of mixed salts solutions. The first combination consisted of 
sodium chloride (NaCl), sodium nitrate (NaNO3), sodium sulphate (Na2SO4), whilst the 
second combination consisted of sodium chloride (NaCl), magnesium chloride (MgCl2), and 
calcium chloride (CaCl2). The feed concentration was 0.1M. In general, the highest rejection 
was found at the lowest TMP value for both single and mixed salt solutions. Rejection of all 
salts declined rapidly as TMP was increased, the maximum rejections where at approximately 
at 0.2bar TMP. It was found that the ion charge and the ion size had an effect on its rejection. 
In addition, the electrostatic interaction between the membrane charge and the ions’ charge 
plays a significant role. 
 Common cation and mixed anions 
The rejection of the common Na
1+
 cation from single and mixed salt solutions by 0.9nm 
membrane was found to be independent of the anion type and the electrolyte concentration. 
Where Na
1+
 cation had the lowest rejection from single salt and mixed salts solutions. The 
rejections of SO4
2-
 and Cl
1-
 anions from single and mixed salts solutions by 0.9nm 
membrane were found to be independent of the anion type. The rejection of the NO3
1-
 anion 
from mixed salt solution, on the other hand, was found to be higher than from single salt 
solution. Except at the lowest TMP were the rejection of the NO3
1-
 anion from mixed salt 
solution, on the other hand, was found to be lower than from single salt solution. 
The rejection of the common Na
1+
 cation from single and mixed salt solution by 1.0nm 
membrane was found to be dependent of the anion type and the electrolyte concentration. 
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The rejection of Na
1+
 cation from NaNO3 and Na2SO4 solutions was lower than the anions 
rejection, but Na
1+
 rejection from NaCl and mixed salts solutions was higher than the anions 
rejection. The rejection of Cl
1-
 ions by 1.0 nm membrane from single salt and mixed salts 
solution was independent of the anions type. Except at the lowest TMP, the rejection of Cl
1-
 
from mixed salts solution was higher than Cl
1-
 rejection from NaCl solution. On the other 
hand, the rejections of NO3
1-
 and SO4
2-
 anions from mixed salts solution were lower than 
their rejection from single salt solution, which concludes that the rejections of NO3
1-
 and 
SO4
2-
 was affected by the existence of anther types of anions. At the lowest TMP, the 
rejections of NO3
1-
 and SO4
2-
 from mixed salts solution were higher than their rejections 
from NaNO3 and Na2SO4 solutions.  
When comparing the rejections of NO3
1-
 from NaNO3 solution by 0.9 and 1.0nm 
membranes, it was noticed that the rejection by 1.0nm membrane was higher than the 
rejection by 0.9 except at the lowest TMP. The rejections of SO4
2-
 from NaSO4 solution and 
Cl
1-
 from NaCl solution by 0.9 and 1.0nm membranes were similar. The rejection of Na
1+
 
from the single salts solution by 0.9 and 1.0nm were similar, except that the rejection of Cl
1-
 
from NaCl solution by 0.9nm membrane was higher than the rejection of Na
1+
, and vice 
versa by 1.0nm membrane. The common cation rejection from the mixed salts solution by 
0.9nm membrane was lower than the anions rejections. On the other hand, the common 
cation rejection from the mixed salts solution by 1.0nm membrane was higher than the 
anions rejections      
 Common anion and mixed cations 
For 0.9nm membrane, the rejection of Ca
2+
 cation from single salt solution was higher than 
its rejection from mixed salt solution. The rejection of Mg
2+
 cation from single salts solution 
was lower than its rejection from mixed salt solution. The rejection of Na
1+
 cation from single 
and mixed salt solutions was found to be independent of the anion type and the electrolyte 
concentration. The rejection of Cl
1-
 from MgCl2 solution was higher than the rejection of 
Mg
2+
. The rejection of Cl
1-
 from NaCl solution was higher than the rejection of Na
1+
. The 
rejection of Cl
1-
 from CaCl2 solution was lower than the rejection of Ca
2+
. The rejection of 
Cl
1-
 from mixed salt solution was higher than the rejection of Mg
2+
, Ca
2+
 and Na
1+
, where the 
rejection took the following trend R of Cl
1-
 > R of Ca
2+
 > R of Mg
2+
 > R of Na
1+
, except at 
the TMP where the rejection of Cl
1-
 was lower the rejections of cations. Thus, the rejections 
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of Cl
1-
 anion, Ca
2+
 and Mg
2+
 cations were dependent of the cation type and the electrolyte 
concentration.  
For 1.0nm membrane, he rejections of Mg
2+
 and Ca
2+
 cations from mixed salts solution were 
higher than their rejection from single salt solution. The rejection of Na
1+
 cation from mixed 
salt solution was lower than its rejection from single salt solution. The rejection of Cl
1-
 from 
MgCl2 solution was higher than the rejection of Mg
2+
. The rejection of Cl
1-
 from NaCl 
solution was lower than the rejection of Na
1+
. The rejection of Cl
1-
 from CaCl2 solution was 
higher than the rejection of Ca
2+
. The rejection of Cl
1-
 from mixed salt solution was higher 
than the rejection of Mg
2+
, Ca
2+
 and Na
1+
, where the rejection took the following trend R of 
Cl
1-
 > R of Ca
2+
 > R of Mg
2+
 > R of Na
1+
. The rejection of Cl
1-
 anion from CaCl2 and mixed 
salts solutions was higher than its rejection from MgCl2 and NaCl solutions, where its 
rejection depended on the ions type and electrolyte concentration.  
Comparing rejections of 0.9 and 1.0nm membranes, it was found that the rejections of Cl
1-
 
from MgCl2 and NaCl solutions by were similar. The rejections of Cl
1-
 from CaCl2 by 0.9nm 
membrane were lower than the rejection by 1.0nm membranes. The rejection of Cl
1-
 from 
NaCl solution by 0.9nm membrane was higher than the rejection of Na
1+
, and vice versa by 
1.0nm membrane. The rejections of Cl
1-
 from MgCl2 solution by both 0.9 and 1.0nm 
membranes were higher than the rejection of Mg
2+
. The rejection of Cl
1-
 from CaCl2 solution 
by 0.9nm membrane was lower than the rejection of Ca
2+
, and vice versa by 1.0nm 
membrane. The common anion rejection from the mixed salts solution by 0.9nm membrane 
was lower than the catios rejections. On the other hand, the common anion rejection from the 
mixed salts solution by 1.0nm membrane was higher than the anions rejections      
 Mixed anions and cations 
The separation behavior of magnesium chloride (MgCl2) and sodium nitrate (NaNO3), with 
feed concentration equal to 0.01M, was observed in single salt and mixed salts solution for 
0.9 and 1.0nm membrane.  
In the case of 0.9nm membrane, the rejection of Cl
1-
 from single salt solution was higher than 
the reject cation of NO3
1-
. Moreover, the rejection of Mg
2+
 from single salt solution was 
higher than the rejection of Na
1+
. For NaNO3 solution, when excluding the minimum TMP 
value, the rejection of NO3
1-
 ion was lower than the rejection of Na
1+
 ion. The highest 
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rejection for Na
1+
 and NO3
1-
 was at the lowest TMP, and the rejection of NO3
1-
 was higher 
than the rejection of Na
1+
. For MgCl2 solution, the rejection of Mg
2+
 was higher than the 
rejection of Cl
1-
. The rejection of cations and anions from a mixed solution (MgCl2 and 
NaNO3) took the following trend, R of Mg
2+
 > R of NO3
1-
 > R of Cl
1-
 > R of Na
1+
. However, 
at the lowest TMP the rejection took the following trend R of Mg
2+
 > R of NO3
1-
 > R of Na
1+
 
> R of Cl
1-
. The rejection of Mg
2+
 and Cl
1-
 were independent of electrolyte concentration, 
anions and cations type. Whilst the rejections of Na
1+
 and NO3
1-
 were dependant on the 
anions type and the electrolyte concentration, their rejections from single salt solution was 
higher than their rejection from mixed salts solution. 
For 1.0 nm membrane, the rejection of NO3
1-
 ions from NaNO3 solution was higher than the 
rejection of Na
1+
 ions, and the highest rejection for both ions was at the lowest TMP. The 
rejection of Cl
1-
 ion from MgCl2 solution was higher than the rejection of Mg
2+
 ions, and the 
highest rejection for both ions was at the lowest TMP. The rejection of ions from mixed salt 
solution of MgCl2 and NaNO3 took the following trend, R of Mg
2+
 > R of NO3
1-
 > R of Cl
1-
 > 
R of Na
1+
, and the highest rejection for all the ions was at the lowest TMP. When excluding 
the minimum TMP value, the rejection of Cl
1-
, NO3
1-
, Na
1+
 and Mg
2+
 remained constant as 
the TMP increased. The rejection of Cl
1-
 from single salt solution was higher than the reject 
cation of NO3
1-
. Moreover, the rejection of Mg
2+
 from single salt solution was higher than the 
rejection of Na
1+
. The rejection of Mg
2+
 and Cl
1-
 were dependant of electrolyte concentration, 
anions and cations type. Whilst the rejection of Na
1+
 and NO3
1-
 were independent on the 
anions type and electrolyte concentration, their rejections from single salt solution were 
similar to their rejections from mixed salts solution. 
By comparing the rejection of cations and anions by 0.9 and 1.0nm membranes, it was notice 
that the rejection of Na
1+
 by 0.9nm membrane was higher than the rejection of NO3
1-
, whilst 
the rejection of Na
1+
 by 1.0nm membrane was lower than the rejection of NO3
1-
. The 
rejection of Mg
2+
 by 0.9nm membrane from single salt was higher than the rejection of Cl
1-
. 
Whilst the rejection of Mg
2+
 from single salt solution by 1.0nm membrane was lower than the 
rejection of Cl
1-
. Thus, the ions rejection from single salt solutions was dependant on ions 
type, electrolyte concentration and membrane pore size. The rejection of ions from mixed 
salts solution by both membranes took the following trend: R of Mg
2+
 > R of NO3
1-
 > R of 
Cl
1-
 > R of Na
1+
, thus the cations and anions were independent of ions type, electrolyte 
concentration and membrane pore size. 
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 Concentration effect 
For 0.9nm membrane, the rejection of NO3
1-
 and Na
1+
 from 0.01M single salt solution was 
higher than their rejection from 0.1M solution. In the case of 0.01M solution, the rejection of 
Na
1+
 was higher than the rejection of NO3
1-
. Whilst, in the case of 0.1M solution, the 
rejections of NO3
1-
 and Na
1+
 were similar. The rejection of Mg
2+
 and Cl
1-
 from 0.01M single 
salt solution was higher than their rejection from 0.1M solution. The rejection of Mg
2+
 from 
0.01M solution was higher than the rejection of Cl
1-
. On the other hand, the rejection of Mg
2+
 
from 0.1M solution was lower than the rejection of Cl
1-
. 
For 1.0nm membrane, the rejections of Na
1+
 from 0.01 and 0.1M mixed salt solutions were 
similar and lower than the rejection of NO3
1-
. While the rejection of NO3
1-
 from 0.1M mixed 
salt solution was higher than its rejection from 0.01M mixed salt solution. The rejection of 
Mg
2+
 and Cl
1-
 from 0.01M mixed salt solution was higher than their rejection from 0.1M 
mixed salt solution. The rejection of Mg
2+
 from 0.01 and 0.1M solutions was lower than the 
rejection of Cl
1-
.  
During the experimental work, it was noticed that rejection of ions decreased as the TMP 
increased, while in Maria Diná Afonso et al. (ref. 201) work it was noticed that rejection of 
ions increased as the TMP increased. This might be due to the difference in the used TMP, 
where in Maria Diná Afonso et al. (ref. 201) work TMP had values between 10-25 bar, where 
in this work TMP was between 0.2-1.9 bar. The reason for using low TMP values is due to 
the instability in the used system when the TMP was increased for higher values. In addition, 
it was noticed that the permeate volume flux based on the membrane area for distilled water 
and salt solutions increased as the TMP increased. Also, the permeate volume flux based on 
the membrane area for distilled water was higher than that of the salt solution, (Carolina 
Mazzoni et al. (ref. 72)). For 0.9 and 1.0nm membranes, the rejection of ions decreased as 
TMP increased for different electrolyte concentrations and mixtures. On the other hand, the 
rejection behaviours of cations and anions by 0.9nm membrane were different from that by 
1.0nm membrane. Where the rejection of Na
1+
 by 0.9nm membrane was lower than the 
rejection of Cl
1-
. Whilst the rejection of Na
1+
 by 1.0nm membrane was higher than the 
rejection of Cl
1-
. In addition, the rejection of Ca
2+
 by 0.9nm membrane was higher than the 
rejection of Cl
1-
. Moreover, the rejection of Ca
2+
 by 1.0nm membrane was, lower than the 
rejection of Cl
1-
. Nevertheless, the rejections of SO4
2-
 and NO3
1-
 were higher than the 
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rejection of Na
1+
 for 0.9 and 1.0nm membrane. 
When comparing theoretical and experimental results for sodium chloride (NaCl), it was 
noticed that they differ. For Na
1+
, it was noticed from the experiments - if the lowest TMP 
was excluded for both membranes – that the rejection did not change as the TMP increased, 
while from the theoretical model it was noticed that the rejection increased as the permeate 
volumetric flux per unit area increased. The same results were noticed for Cl
1-
, where in the 
experiments - if the lowest TMP was excluded for both membranes – the rejection did not 
change as the TMP increased, while from the theoretical model it was noticed that the 
rejection increased as the permeate volumetric flux per unit area increased. In addition, in the 
experiments the rejection of Na
1+
 by 1.0 nm membrane was higher than the rejection of Cl
1-
 
but the rejection of Na
1+
 by 0.9nm membrane was lower than the rejection of Cl
1-
, while in 
the theoretical modelling the rejection of Na
1+
 was lower than the rejection of Cl
1-
. Moreover, 
the change in concentration did not have an effect on the rejection of Na
1+
 either in the 
theoretical modelling or in the experiments, which means that they agree. While for Cl
1-
 case, 
the concentration did not have an effect on its rejection in the theoretical part but in the 
experiments, it was found that Cl
1-
 rejection from lower concentration solution was higher 
than their rejection from higher concentration solution.  
 pH 
Another set of experiments were done by controlling the pH of the feed solution, the used pH 
values where pH3, pH7 and pH10. In these experiments, sodium chloride (NaCl) and sodium 
sulphate (Na2SO4) salts were use, where the Na
1+
 was the common ion. The membrane that 
was used was a ceramic nanofiltration membrane (the membrane made of TiO2, with 7.00 
mm I.D, 10 mm O.D and length of 190 mm, and the mean pore radius was 1.0 nm).  
o pH 3 
The rejection of Cl
1-
 ions from NaCl solution was lower than the rejection of Na
1+
 ions, and 
the highest rejection of both ions was at the lowest TMP. If the lowest TMP value was 
excluded, then the rejection of Cl
1-
 remained constant as the TMP increased, while the 
rejection of Na
1+
 increased as TMP increased.  
The rejection of SO4
2-
 ions from Na2SO4s solution was lower than the rejection of Na
1+
 ions, 
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and the highest rejection of both ions was at the lowest TMP. If the lowest TMP value was 
excluded, then the rejection of SO4
2-
 and Na
1+
 remained constant as the TMP increased. 
The rejection of SO4
2-
 ions from NaCl and Na2SO4 solution was higher than the rejection of 
Cl
1-
 ions, and the highest rejection of all ions was at the lowest TMP. By excluding the lowest 
TMP value, the rejection of Na
1+
 remained constant as the TMP increased. On the other hand, 
the rejections of SO4
2-
 and Cl
1-
 decreased then increased as the TMP increased. The rejection 
of Na
1+
 was higher than the rejections of Cl
1-
, and SO4
2-
. In addition, the rejection of SO4
2-
 
was higher than the rejection of Cl
1-
. 
The rejection of Na
1+
 from Na2SO4 solution was higher than its rejection from NaCl and 
mixed salts solution. In addition, the rejection of Na
1+
 from NaCl and mixed salts solutions 
were similar. At the lowest TMP, the rejections of Na
1+
 from NaCl solution was 25.0%, from 
Na2SO4 solution was 46.0% and from mixed salt solutions was 50.0%. This means the 
highest rejection of Na
1+
 was from mixed salts solution. The rejection of Cl
1-
 from mixed salt 
solution (39.0%) was lower than its rejection from NaCl solution (25.0%). As a result, Na
1+
 
and Cl
1-
 rejections were dependent on ions type and electrolytes concentrations. On the other 
hand, the rejection of SO4
2-
 was independent on ions type and electrolyte concentration.  
o pH 7 
The rejection of Cl
1-
 ions from NaCl solution was lower than the rejection of Na
1+
 ions. The 
highest rejection of both ions was at the lowest TMP. Moreover, if the lowest TMP value is 
excluded, then the rejections of Cl
1-
 and Na
1+
 remained constant as the TMP increased and 
the rejection of Na
1+
 was higher than the rejection of Cl
1-
.  
The rejection of SO4
2-
 ions from Na2SO4 solution was higher than the rejection of Na
1+
 ions. 
The highest rejection of both ions was at the lowest TMP, and by excluding the lowest TMP 
value, the rejection of SO4
2-
 and Na
1+
 remained constant as the TMP increased and the 
rejection of Na
1+
 was lower than the rejection of SO4
2-
.  
The rejection of Na
1+
 ion from mixed salt (NaCl and Na2SO4) solution was the higher than 
the rejection of Cl
1-
 and SO4
2-
. In addition, the rejection of SO4
2-
 ion was higher than the 
rejection of Cl
1-
 ion. The highest rejection of all ions was at the lowest TMP, and if the lowest 
TMP was excluded then the rejection of the three ions remained constant as the TMP 
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increased. 
o pH 10 
For NaCl solution, the rejection of Cl
1-
 ions was higher than the rejection of Na
1+
 ions. The 
highest rejection for both ions was at the lowest TMP. For Na2SO4 solution, the rejection of 
SO4
2-
 ions was higher than the rejection of Na
1+
 ions. The highest rejection of both ions was 
at the lowest TMP. For NaCl and Na2SO4 solution, the rejection had the following trend: R of 
Na
1+
 > R of SO4
2-
 > R of Cl
1-
.  
The rejection of Na
1+
 from mixed salts solution was higher than its rejection from single salt 
solutions. In additions, the rejection of Na
1+
 from Na2SO4 solution was higher than its 
rejection from NaCl solution. The rejection of Cl
1-
 from mixed salts solution was higher than 
its rejection from NaCl solution. The rejection of SO4
2-
 from mixed salts solution was lower 
than its rejection from Na2SO4 solution. 
In general, the ions rejection was affected by changing the solution pH. For an example, the 
rejections of NaCl from a pH controlled solution around pH 3 and 7 and non-controlled pH 
solutions were similar, but the rejection from a pH 10 solution differed. Where the rejection 
from pH 10 solution was lower than the rest of the rejection values and the rejection of Cl
1-
 
was higher than the rejection of Na
1+
. Similar results were obtained by P. Puhlfürß et al (ref. 
240), where the pH had an effect on the behaviour of the cation and the anion rejection but 
not the rejections value. However, in G. Hagmeyer et al. (ref. 97) it was found that the lowest 
rejection was around the ISP, but in this work, the rejection of ions around the ISP was 
higher. This might be due to the difference in the membrane pore radius, where in this work 
the membrane pore radius was 1.0E-9m but in G. Hagmeyer et al. (ref. 97) work, it was 0.7E-
9 and 3.32E-9m. Which support the different rejection results obtained by 0.9 and 1.0nm 
membranes. 
The obtained results were compared with G. Hagmeyer and R. Gimbel work (ref. 97), it was 
noticed that they differed. Where the rejection of NaCl in G. Hagmeyer and R. Gimbel 
increased as the permeate flux increased, while in this work the rejection of NaCl decreased 
as the permeate flux increased. The permeate flux increased as the TMP increased, on the 
hand the rejection decreased as the TMP increased. This might be due to the difference in the 
volume flux based on the membrane area values (which is related to the TMP), where the 
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volume flux ranged between 3.0E-7 to 9.0E-6 m
3
/m
2
/s but in G. Hagmeyer and R. Gimbel 
work the volume flux ranged between 2.0E-6 to 22.0E-6 m
3
/m
2
/s. The differences between 
the rejections might be due to the membrane charge, which can be explained through the 
difference in the zeta potential. In this work, the zeta potential had negative values around pH 
5, while in G. Hagmeyer et al. (ref. 97) work the zeta potential had negative values at pH 4. 
This may increase the negative membrane charge as a result would increase the ions rejection 
as was noticed in the work of G. Hagmeyer et al. (ref. 97).  
 Theoretical section 
In the theoretical part, nanofiltration membrane was characterised by the Nernst-Planck 
equation. Euler and Runge-Kutta methods were used to solve the Nernst-Planck equation by 
using FORTRAN (F77) program. The two programs were run for sodium chloride (NaCl) for 
two different feed concentrations at various volumetric fluxes (based on the membrane area). 
The boundary conditions that were used to solve the modelling were similar to the conditions 
used in the experiments. The two different concentrations and the volume (based on the 
membrane area) fluxes values were used in order to observe their effects on the membrane 
rejection. In addition, volume (based on the membrane area) fluxes were considered because 
they are related to the TMP, which does not appear in Nernst-Planck equation but has an 
effect on rejection.  
When Euler’s method was used, it was found that nanofiltration membrane rejection 
increased as the volume flux increased. For the two different concentration values, which are 
0.01 and 0.1M, the rejection of Cl
1-
 was slightly higher than the rejection of Na
1+
. In addition, 
the concentration of Na
1+
 ion inside the membrane active layer was lower than the 
concentration of Cl
1-
 ion. Moreover, the concentration of the ions inside the membrane active 
layer decreased as the volumetric flux based on membrane area (Jv) increased (ref. 317). The 
ion’s rejection from lower feed ion concentration was slightly higher than the ion’s rejection 
from higher feed ion concentration. When Runge-Kutta method was used, it was found that 
the rejection increased as the volume flux through the membrane increased. For the two 
different concentrations, the rejection of Na
1+
 and Cl
1-
 ions increased as the volume flux 
increased. The rejection of Cl
1-
 was slightly higher than the rejection of Na
1+
. Also, the 
concentration of Na
1+
 and Cl
1-
 inside the membrane decreased as the ions move through the 
membrane active layer from the feed side to the permeate side (ref. 317). In addition, the 
Chapter 10  Discussion and Conclusion 
289 
 
concentration of Na
1+
 ion inside the membrane active layer was lower than the concentration 
of Cl
1-
 ion inside the membrane active layer. It was noticed, that the rejection of ions from the 
lower initial concentration was slightly higher than the ions rejection from higher initial ion 
concentration. The initial ion concentration effect on the rejection of ions was very small that 
it can be neglected. As a result, the initial ion concentration did not have an effect on the ion 
rejection. Similar results were obtained by using Euler method and Runge-Kutta method, the 
difference between the two methods that the ions rejection values obtained by using Runge-
Kutta method were slightly higher than the values obtained by Euler method. W. Richard 
Bowen et. al. work (refs. 325, 326) supported the obtained results, where they got low 
rejection values for similar conditions. In addition, the volumetric flux based on membrane 
area (Jv) was increased to the same values that were used by Richard Bowen et. al, where 
both models obtained similar results. Ions rejection increased as the membrane thickness was 
increased - to be equal to the whole membrane thickness.  
From the experiments and by including the lowest TMP, the rejection deceased rapidly then 
remained constant as TMP increased, while in the theoretical modelling the rejection 
increased as TMP increased. On the other hand, the low rejections obtained from the 
theoretical modelling agree with the low rejections obtained from the experiments. Thus, the 
difference in the rejection behaviour because of the TMP might be due 
10.2 Further work 
 Ceramic nanofiltration membrane is a promising method that has a good separation 
mechanism especially for a mixed ions solution. Thus, further work should be done for higher 
concentrations and more mixed salts similar to the one found in nature such as seawater.  
 Ceramic nanofiltration membrane is made from different materials such as TiO2 and 
ZrO2, where the membrane material affects ions rejection. TiO2 nanofiltration membrane has 
been used, thus a good approach would be investigating ZrO2 nanofiltration membrane for 
similar conditions in order to compare these two membranes and investigate the membrane 
material effect on the rejection of ions. 
 Nanofiltration membrane pore size ranges between 0.5-8nm. In this work 0.9 and 
1.0nm were investigated, which would be a good approach investigating the separation 
behaviour of electrolyte solutions using membrane with lower pore radius. This approach 
would give a better understanding of the effect of the membrane pore size on the rejection of 
ions, because it was noticed that the rejection behaviour of ions such as Na
1+
 and Cl
1-
 differed 
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from 0.9 to 1.0nm membranes and better conclusion would be obtained by comparing the 
obtained results with different type of membrane.  
 In the theoretical modelling, include parameters such as the ion activity coefficient (γi) 
as in Lawrence Dresner work (ref. 170).  
 In the modelling work, the used Donnan potential assumed that the dielectric constant 
in the bulk was equal to the dielectric constant in the membrane pores. Thus, it would be a 
good approach to account for the change in the dialectical constant between the bulk and the 
pores by considering the change of electrostatic free energy (∆W). 
 In the theoretical modelling, it was assumed that the osmotic pressure to be negligible. 
Nevertheless, in fact it does exist which might be the reason for the highest rejection that was 
obtained at the lowest TMP in the experiments. Thus, it would be a good approach to add the 
osmotic pressure variable to the theoretical modelling to study the effect of the osmotic 
pressure on the rejection of ions. 
 Solve the model for different types of ions and for mixed ions such as tertiary and 
quaternary ions.  
 Use other theories such as the electrostatic and the steric-hindrance model, and the 
Spiegler-Kedem model to predict the separation behaviour of nanofiltration membrane. 
 Apply an electrical current on the membrane surface to enhance the separation of ions 
mechanism. 
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Appendix 1  
      PROGRAM membrane 
      IMPLICIT REAL (A-H,O-Z) 
      DOUBLE PRECISION vpm,diff,hidc,hidf,temp,umem,con,edon 
      DOUBLE PRECISION deex,xstep,farad,gascon ,dydx    
      COMMON/aleph/vpm(10,2),diff(10,2),hidc(10,2),hidf(10,2),con(10,2) 
      COMMON/ale/edon(10,2) 
      COMMON/a/c(20001,2),conf(20001,2),dydx(20001,2) 
      COMMON/beth/farad,gascon,deex,umem,nep,xstep,temp,node       
       
      OPEN(unit=5,file='memb.dat',status='unknown')     
      OPEN(unit=6,file='memb.res',status='unknown')   
      farad=96485.3383  
      gascon=8.3145  
!      convrg=1.0D-5   
!      PRINT*,' auto 1 other 0' 
!      read*,iauto 
      iauto = 1 
      IF(iauto.EQ.1)THEN 
         READ(5,*)nep   
         print*, nep 
         write(6,*) nep 
         READ(5,*)temp,umem 
         print*,temp,umem 
         write(6,*)temp,umem 
       Print*,'temp',temp 
      Print*,'umem',umem 
         
         DO i = 1,nep 
            DO j = 1,2 
              READ(5,*)vpm(i,j),diff(i,j),hidc(i,j),hidf(i,j) 
              READ(5,*)con(i,j),edon(i,j) 
              PRINT*,i,j,vpm(i,j),diff(i,j),hidc(i,j),hidf(i,j) 
              PRINT*,con(i,j),edon(i,j) 
              WRITE(6,*)i,j,vpm(i,j),diff(i,j),hidc(i,j),hidf(i,j)  
              WRITE(6,*)i,j,con(i,j),edon(i,j)                
            END DO    
            vpm(i,1)=DABS(vpm(i,1)) 
            vpm(i,2)=-DABS(vpm(i,2)) 
         END DO   
      ELSE        
         Print*,' Where is the data??' 
         stop 
      END IF 
      node=200 
!     thick = membrane thickness in micron 
      deex = 20.0 
      deex = deex*1.0D-6 
      xstep = deex/(DFLOAT(node))    
      print*,'xstep',xstep 
      print*,'node',node 
      print*,' ' 
      print*,'**************************************************' 
      print*,' ' 
      print*,'               ALL UNITS ARE S.I. ' 
      print*,' ' 
      print*,'**************************************************' 
      print*,' '       
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      CALL euler 
      CALL output 
      STOP 
      END        
       
      SUBROUTINE EULER 
      IMPLICIT REAL (A-H,O-Z)  
      DOUBLE PRECISION conf,vpm,diff,hidc,hidf,temp,umem,con,edon 
      DOUBLE PRECISION deex,xstep,farad,gascon 
      DOUBLE PRECISION change,dydx 
      COMMON/aleph/vpm(10,2),diff(10,2),hidc(10,2),hidf(10,2),con(10,2) 
      COMMON/ale/edon(10,2) 
      COMMON/a/c(20001,2),conf(20001,2),dydx(20001,2) 
      COMMON/beth/farad,gascon,deex,umem,nep,xstep,temp,node       
      change = 1.0  
!     set initial conditions       
      conf(1,1)=con(1,1)/1.0 
      conf(1,2)=con(1,2)/1.0 
      while(dabs(change).GT.0.0000001)DO 
       
      c(1,1)=con(1,1)*exp(-vpm(1,1)*farad*edon(1,1)/gascon/temp)   
      c(1,2)=con(1,2)*exp(-vpm(1,2)*farad*edon(1,2)/gascon/temp)                  
       
       DO i=2,node 
        const1= (vpm(1,1)*umem/diff(1,1))*(hidc(1,1)*c(i-1,1)-conf(1,1)) 
        const2= (vpm(1,2)*umem/diff(1,2))*(hidc(1,2)*c(i-1,2)-conf(1,2)) 
        const3= vpm(1,1)*vpm(1,1)*c(i-1,1) 
        const4= vpm(1,2)*vpm(1,2)*c(i-1,2) 
         
        cons=(const1+const2)/((farad/gascon/temp)*(const3+const4))    
         
        const5 = (umem/diff(1,1))*(hidc(1,1)*c(i-1,1)-conf(1,1)) 
        const6 = (vpm(1,1)*c(i-1,1)*farad/gascon/temp)*cons          
         
        const7 = (umem/diff(1,2))*(hidc(1,2)*c(i-1,2)-conf(1,2))                             
        const8 = (vpm(1,2)*c(i-1,2)*farad/gascon/temp)*cons 
         
        dydx(i-1,1) = (const5-const6)   
        dydx(i-1,2) = (const7-const8)   
 
        c(i,1) = c(i-1,1) + xstep*(const5-const6)   
        c(i,2) = c(i-1,2) + xstep*(const7-const8) 
 
       end do 
 
        conf(2,1)=c(200,1)/(exp(-vpm(1,1)*farad*edon(1,1)/gascon/temp))  
        conf(2,2)=c(200,2)/(exp(-vpm(1,2)*farad*edon(1,2)/gascon/temp))                
        change = ((conf(1,1) - conf(2,1))/conf(1,1)) 
        change = ((conf(1,2) - conf(2,2))/conf(1,2)) 
        relax=0.9 
        conf(1,1)=relax*conf(1,1)+(1-relax)*conf(2,1) 
        conf(1,2)=relax*conf(1,2)+(1-relax)*conf(2,2) 
 
        IF(dabs(change).gt.0.0000001)then  
         
        print*, conf(1,1),conf(1,2),change,dydx(1,1) 
        end if 
           
        END DO   
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      RETURN 
      END  
       
      SUBROUTINE output 
      IMPLICIT REAL (A-H,O-Z)           
      DOUBLE PRECISION conf,vpm,diff,hidc,temp,umem,con,edon 
      DOUBLE PRECISION deex,xstep,farad,gascon,dydx 
      COMMON/aleph/vpm(10,2),diff(10,2),hidc(10,2),hidf(10,2),con(10,2) 
      COMMON/ale/edon(10,2)      
      COMMON/a/c(20001,2),conf(20001,2),dydx(20001,2) 
      COMMON/beth/farad,gascon,deex,umem,nep,xstep,temp,node       
      i = 1    
      write(6,10)  i,c(i,1),c(i,2),xstep 
      DO i = 2,node 
         iz = i/50 
         ii = 50*iz 
         IF(i.eq.ii)THEN 
           print*, i,c(i,1),c(i,2),xstep 
           write(6,10) i,c(i,1),c(i,2),xstep 
         END IF 
      END DO 
 10   FORMAT(i6,8(8x,e13.8)) 
      RETURN 
      END 
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      PROGRAM membrane runge kutta 
C     driver for routine membrane 
      IMPLICIT REAL (A-H,O-Z) 
      DOUBLE PRECISION con,conf 
      DOUBLE PRECISION vpm,diff,hidc,temp,umem,farad,gascon,edon     
      COMMON/aleph/con(10,2),vpm(10,2),diff(10,2),hidc(10,2),edon(10,2) 
      COMMON/ale/conf(2000,2)       
      COMMON/beth/farad,gascon,umem,nep,temp,node 
      INTEGER NSTEP,NVAR 
      PARAMETER(NVAR=2,NSTEP=200) 
      INTEGER i,j 
      REAL xx(2000),x1,x2,y(2,2000),vstart(NVAR) 
      COMMON /path/ xx,y 
      EXTERNAL derivs 
      
      OPEN(unit=5,file='memb.dat',status='unknown')     
      OPEN(unit=6,file='memb.res',status='unknown') 
              
      farad=96485.3383  
      gascon=8.3145  
!      convrg=1.0D-5   
!      PRINT*,' auto 1 other 0' 
!      read*,iauto 
      iauto = 1 
      IF(iauto.EQ.1)THEN 
!         READ(5,*)nep 
         READ(5,*)nep   
         print*, nep 
         write(6,*) nep 
         READ(5,*)temp,umem 
         print*,temp,umem 
         write(6,*)temp,umem 
         DO i = 1,nep 
            DO j = 1,2 
              READ(5,*)vpm(i,j),diff(i,j),hidc(i,j) 
              READ(5,*)con(i,j),edon(i,j) 
              PRINT*,i,j,vpm(i,j),diff(i,j),hidc(i,j) 
              PRINT*,con(i,j),edon(i,j) 
              WRITE(6,*)i,j,vpm(i,j),diff(i,j),hidc(i,j) 
              WRITE(6,*)i,j,con(i,j),edon(i,j)                
            END DO    
            vpm(i,1)=DABS(vpm(i,1)) 
            vpm(i,2)=-DABS(vpm(i,2)) 
         END DO   
      ELSE        
         Print*,' Where is the data??' 
         stop 
      END IF  
      node=200  
       
      conf(1,1)=con(1,1)/1.0 
      conf(1,2)=con(1,2)/1.0 
       
!     set intial value of y 
     
      y(1,1)=con(1,1)*exp(-vpm(1,1)*farad*edon(1,1)/gascon/temp)   
      y(2,1)=con(1,2)*exp(-vpm(1,2)*farad*edon(1,2)/gascon/temp)                  
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!     thick = membrane thickness in micron            
      x1=0.0D-6 
      vstart(1)=y(1,1) 
      vstart(2)=y(2,1) 
      x2=20.0D-6  
      call membrane(vstart,NVAR,x1,x2,NSTEP,derivs) 
      call output 
      do 11 i=1,200 
        print*,i,xx(i),y(1,i),y(2,i)               
11    continue 
      END 
 
      SUBROUTINE derivs(x,y,dydx) 
      REAL x,y(*),dydx(*) 
      DOUBLE PRECISION con,conf 
      DOUBLE PRECISION vpm,diff,hidc,temp,umem,farad,gascon,edon     
      COMMON/aleph/con(10,2),vpm(10,2),diff(10,2),hidc(10,2),edon(10,2) 
      COMMON/ale/conf(2000,2)       
      COMMON/beth/farad,gascon,umem,nep,temp,node                
 
        const1= (vpm(1,1)*umem/diff(1,1))*(hidc(1,1)*y(1)-conf(1,1)) 
        const2= (vpm(1,2)*umem/diff(1,2))*(hidc(1,2)*y(2)-conf(1,2)) 
        const3= vpm(1,1)*vpm(1,1)*y(1) 
        const4= vpm(1,2)*vpm(1,2)*y(2) 
        cons=(const1+const2)/((farad/gascon/temp)*(const3+const4))    
        const5 = (umem/diff(1,1))*(hidc(1,1)*y(1)-conf(1,1)) 
        const6 = (vpm(1,1)*y(1)*farad/gascon/temp)*cons          
        const7 = (umem/diff(1,2))*(hidc(1,2)*y(2)-conf(1,2))                             
        const8 = (vpm(1,2)*y(2)*farad/gascon/temp)*cons 
        dydx(1) = (const5-const6)   
        dydx(2) = (const7-const8)   
 
        conf(2,1)=y(1)/((exp(-vpm(1,1)*farad*edon(1,1)/gascon/temp))) 
        conf(2,2)=y(2)/((exp(-vpm(1,2)*farad*edon(1,2)/gascon/temp))) 
       
        change = ((conf(1,1) - conf(2,1))/conf(1,1)) 
        change = ((conf(1,2) - conf(2,2))/conf(1,2)) 
         
        relax=0.9 
         
        conf(1,1)=relax*conf(1,1)+(1-relax)*conf(2,1) 
        conf(1,2)=relax*conf(1,2)+(1-relax)*conf(2,2) 
 
      print*,change,y(1),y(1),cons,conf(1,1) 
      return 
      END 
 
      SUBROUTINE membrane(vstart,nvar,x1,x2,nstep,derivs) 
      DOUBLE PRECISION con,conf 
      DOUBLE PRECISION vpm,diff,hidc,temp,umem,farad,gascon,edon     
      COMMON/aleph/con(10,2),vpm(10,2),diff(10,2),hidc(10,2),edon(10,2) 
      COMMON/ale/conf(2000,2) 
      COMMON/beth/farad,gascon,umem,nep,temp,node                     
      INTEGER nstep,nvar,NMAX,NSTPMX 
      PARAMETER (NMAX=2,NSTPMX=2000) 
      REAL x1,x2,vstart(nvar),xx(NSTPMX),y(NMAX,NSTPMX) 
      EXTERNAL derivs 
      COMMON /path/ xx,y 
CU    USES rk4 
      INTEGER i,k 
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      REAL h,x,dv(NMAX),v(NMAX) 
      do 11 i=1,nvar 
         v(i)=vstart(i) 
         y(i,1)=v(i)          
11    continue           
      xx(1)=x1 
      x=x1 
      h=(x2-x1)/nstep 
      do 13 k=1,nstep 
        call derivs(x,v,dv)  
        call rk4(v,dv,nvar,x,h,v,derivs) 
       if(x+h.eq.x)pause 'stepsize not significant in membrane' 
        x=x+h 
        xx(k+1)=x 
        do 12 i=1,nvar 
          y(i,k+1)=v(i) 
12      continue 
      print*,xx(k+1),y(1,k+1),y(2,k+1) 
13    continue 
      return 
      END 
 
      SUBROUTINE rk4(y,dydx,n,x,h,yout,derivs) 
      DOUBLE PRECISION con,conf 
      DOUBLE PRECISION vpm,diff,hidc,temp,umem,farad,gascon,edon     
      COMMON/aleph/con(10,2),vpm(10,2),diff(10,2),hidc(10,2),edon(10,2) 
      COMMON/ale/conf(2000,2)       
      COMMON/beth/farad,gascon,umem,nep,temp,node                   
      INTEGER n,NMAX 
      REAL h,x,dydx(n),y(n),yout(n) 
      EXTERNAL derivs 
      PARAMETER (NMAX=2) 
      INTEGER i 
      REAL h6,hh,xh,dym(NMAX),dyt(NMAX),yt(NMAX) 
      hh=h*0.5 
      h6=h/6. 
      xh=x+hh       
      do 11 i=1,n 
        yt(i)=y(i)+hh*dydx(i) 
11    continue 
      call derivs(xh,yt,dyt) 
      do 12 i=1,n 
        yt(i)=y(i)+hh*dyt(i) 
12    continue 
      call derivs(xh,yt,dym) 
      do 13 i=1,n 
        yt(i)=y(i)+h*dym(i) 
        dym(i)=dyt(i)+dym(i) 
13    continue 
      call derivs(x+h,yt,dyt) 
      do 14 i=1,n 
        yout(i)=y(i)+h6*(dydx(i)+dyt(i)+2.*dym(i)) 
14    continue 
      return 
      END 
 
      SUBROUTINE output 
      IMPLICIT REAL (A-H,O-Z) 
      DOUBLE PRECISION con,conf 
      DOUBLE PRECISION vpm,diff,hidc,temp,umem,farad,gascon,edon   
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      COMMON/aleph/con(10,2),vpm(10,2),diff(10,2),hidc(10,2),edon(10,2) 
      COMMON/ale/conf(2000,2) 
      COMMON/beth/farad,gascon,umem,nep,temp,node 
      INTEGER NSTEP,NVAR 
      PARAMETER(NVAR=2,NSTEP=200) 
      INTEGER i,j 
      REAL xx(2000),x1,x2,y(2,2000),vstart(NVAR) 
      COMMON /path/ xx,y 
      i = 1  
      write(6,10) i,xx(i),y(1,i),y(2,i) 
      DO i = 2,node 
         iz = i/50 
         ii = 50*iz 
         IF(i.eq.ii)THEN 
           print*, i,xx(i),y(1,i),y(2,i) 
           write(6,10)i,xx(i),y(1,i),y(2,i) 
         END IF 
      END DO 
 10   FORMAT(i6,5(8x,e13.7))        
      RETURN 
      END 
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      PROGRAM membrane 
      IMPLICIT REAL (A-H,O-Z) 
      DOUBLE PRECISION vpm,diff,hidc,temp,umem,hidd,radis,radip 
      DOUBLE PRECISION deex,xstep,con,edon,farad,gascon 
      DOUBLE PRECISION change,dydx,conf    
      COMMON/aleph/vpm(10,2),diff(10,2),hidc(10,2),hidd(10,2) 
      COMMON/ale/radis(10,2),radip,con(10,2),edon(10,2) 
      COMMON/a/c(20001,2),conf(20001,2),dydx(20001,2) 
      COMMON/beth/farad,gascon,deex,umem,nep,xstep,temp,node       
       
      OPEN(unit=5,file='memb.dat',status='unknown')     
      OPEN(unit=6,file='memb.res',status='unknown')   
      farad=96485.3383  
      gascon=8.3145  
!      convrg=1.0D-5   
!      PRINT*,' auto 1 other 0' 
!      read*,iauto 
      iauto = 1 
      IF(iauto.EQ.1)THEN 
         READ(5,*)nep   
         print*, nep 
         write(6,*) nep 
         READ(5,*)temp,umem,radip 
         print*,temp,umem,radip 
         write(6,*)temp,umem,radip 
       Print*,'temp',temp 
      Print*,'umem',umem 
         
         DO i = 1,nep 
            DO j = 1,2 
              READ(5,*)vpm(i,j),diff(i,j),radis(i,j) 
              READ(5,*)con(i,j),edon(i,j) 
              PRINT*,i,j,vpm(i,j),diff(i,j),radis(i,j) 
              PRINT*,con(i,j),edon(i,j) 
              WRITE(6,*)i,j,vpm(i,j),diff(i,j),radis(i,j) 
              WRITE(6,*)i,j,con(i,j),edon(i,j)                
            END DO    
            vpm(i,1)=DABS(vpm(i,1)) 
            vpm(i,2)=-DABS(vpm(i,2)) 
         END DO   
      ELSE        
         Print*,' Where is the data??' 
         stop 
      END IF 
      node=200 
!     thick = membrane thickness in micron 
      deex = 20.0 
      deex = deex*1.0D-6 
      xstep = deex/(DFLOAT(node))    
      print*,'xstep',xstep 
      print*,'node',node 
      print*,' ' 
      print*,'**************************************************' 
      print*,' ' 
      print*,'               ALL UNITS ARE S.I. ' 
      print*,' ' 
      print*,'**************************************************' 
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      print*,' '       
      CALL euler 
      CALL output 
      STOP 
      END        
       
      SUBROUTINE EULER 
      IMPLICIT REAL (A-H,O-Z)  
      DOUBLE PRECISION vpm,diff,hidc,temp,umem,hidd,radis,radip 
      DOUBLE PRECISION deex,xstep,con,edon,farad,gascon 
      DOUBLE PRECISION change,dydx,conf    
      COMMON/aleph/vpm(10,2),diff(10,2),hidc(10,2),hidd(10,2) 
      COMMON/ale/radis(10,2),radip,con(10,2),edon(10,2) 
      COMMON/a/c(20001,2),conf(20001,2),dydx(20001,2) 
      COMMON/beth/farad,gascon,deex,umem,nep,xstep,temp,node       
  
      change = 1.0  
!     set initial conditions       
      conf(1,1)=con(1,1)/1.0 
      conf(1,2)=con(1,2)/1.0 
      while(dabs(change).GT.0.0000001)DO 
 
!     calculate hidd 
       con1 = 2.30*(radis(1,1)/radip)  
       con2 = 1.154*((radis(1,1)/radip)**2)  
       con3 = 0.224*((radis(1,1)/radip)**3)  
       hidd(1,1) = (1.0-con1+con2+con3)  
       con4 = 2.30*(radis(1,2)/radip)  
       con5 = 1.154*(radis(1,2)/radip)**2  
       con6 = 0.224*(radis(1,2)/radip)**3 
       hidd(1,2) = (1.0-con4+con5+con6)  
            
!     calculate hidc  
       cons1 = 0.054*(radis(1,1)/radip) 
       cons2 = 0.988*((radis(1,1)/radip)**2) 
       cons3 = 0.441*((radis(1,1)/radip)**3) 
       hidc(1,1) = (2-(1-(radis(1,1)/radip))**2)*(1.0+cons1-cons2+cons3) 
       cons4 = 0.054*(radis(1,2)/radip) 
       cons5 = 0.988*((radis(1,2)/radip)**2) 
       cons6 = 0.441*((radis(1,2)/radip)**3) 
       hidc(1,2) = (2-(1-(radis(1,2)/radip))**2)*(1.0+cons4-cons5+cons6)   
        
       co1=(1-(radis(1,1)/radip))*(1-(radis(1,1)/radip))       
       c(1,1)=con(1,1)*co1*exp(-vpm(1,1)*farad*edon(1,1)/gascon/temp) 
       co2=(1-(radis(1,2)/radip))*(1-(radis(1,2)/radip))               
       c(1,2)=con(1,2)*co2*exp(-vpm(1,2)*farad*edon(1,2)/gascon/temp)                  
 
       DO i=2,node 
        constant1=vpm(1,1)*umem/diff(1,1)/hidd(1,1) 
        const1= (constant1)*(hidc(1,1)*c(i-1,1)-conf(1,1)) 
        constant2=vpm(1,2)*umem/diff(1,2)/hidd(1,2) 
        const2= (constant2)*(hidc(1,2)*c(i-1,2)-conf(1,2))         
        const3= vpm(1,1)*vpm(1,1)*c(i-1,1) 
        const4= vpm(1,2)*vpm(1,2)*c(i-1,2) 
         
        cons=(const1+const2)/((farad/gascon/temp)*(const3+const4))    
         
        constant3=umem/diff(1,1)/hidd(1,1) 
        const5 = (constant3)*(hidc(1,1)*c(i-1,1)-conf(1,1)) 
        const6 = (vpm(1,1)*c(i-1,1)*farad/gascon/temp)*cons          
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        constant4=umem/diff(1,2)/hidd(1,2) 
        const7 = (constant4)*(hidc(1,2)*c(i-1,2)-conf(1,2))                             
        const8 = (vpm(1,2)*c(i-1,2)*farad/gascon/temp)*cons 
         
        dydx(i-1,1) = (const5-const6)   
        dydx(i-1,2) = (const7-const8)   
 
        c(i,1) = c(i-1,1) + xstep*(const5-const6)   
        c(i,2) = c(i-1,2) + xstep*(const7-const8) 
 
       end do 
       
        co3=(1-(radis(1,1)/radip))*(1-(radis(1,1)/radip))     
        constan1=(co3*exp(-vpm(1,1)*farad*edon(1,1)/gascon/temp)) 
        conf(2,1)=c(200,1)/constan1  
        co4=(1-(radis(1,2)/radip))*(1-(radis(1,2)/radip)) 
        constan2=(co4*exp(-vpm(1,2)*farad*edon(1,2)/gascon/temp))            
        conf(2,2)=c(200,2)/constan2                
       
        change = ((conf(1,1) - conf(2,1))/conf(1,1)) 
        change = ((conf(1,2) - conf(2,2))/conf(1,2)) 
        relax=0.9 
        conf(1,1)=relax*conf(1,1)+(1-relax)*conf(2,1) 
        conf(1,2)=relax*conf(1,2)+(1-relax)*conf(2,2) 
         
        IF(dabs(change).gt.0.0000001)then  
        print*, conf(1,1),conf(1,2),change,dydx(1,1) 
        end if 
        END DO   
          
      RETURN 
      END  
       
      SUBROUTINE output 
      IMPLICIT REAL (A-H,O-Z)           
      DOUBLE PRECISION vpm,diff,hidc,temp,umem,hidd,radis,radip 
      DOUBLE PRECISION deex,xstep,con,edon,farad,gascon 
      DOUBLE PRECISION change,dydx,conf    
      COMMON/aleph/vpm(10,2),diff(10,2),hidc(10,2),hidd(10,2) 
      COMMON/ale/radis(10,2),radip,con(10,2),edon(10,2) 
      COMMON/a/c(20001,2),conf(20001,2),dydx(20001,2) 
      COMMON/beth/farad,gascon,deex,umem,nep,xstep,temp,node       
      i = 1    
      write(6,10)  i,c(i,1),c(i,2),xstep,radis(1,1),radis(1,2) 
      DO i = 2,node 
         iz = i/50 
         ii = 50*iz 
         IF(i.eq.ii)THEN 
           print*, i,c(i,1),c(i,2),xstep,radis(1,1),radis(1,2) 
           write(6,10) i,c(i,1),c(i,2),xstep,radis(1,1),radis(1,2) 
         END IF 
      END DO 
 10   FORMAT(i6,8(8x,e13.8))        
      RETURN 
      END 
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      PROGRAM membrane runge kutta 
C     driver for routine membrane 
      IMPLICIT REAL (A-H,O-Z) 
      DOUBLE PRECISION con,conf,hidd,radis,radip 
      DOUBLE PRECISION vpm,diff,hidc,temp,umem,farad,gascon,edon     
      COMMON/aleph/con(10,2),vpm(10,2),diff(10,2),edon(10,2) 
      COMMON/alep/hidc(10,2),hidd(10,2),radis(10,2),radip 
      COMMON/ale/conf(2000,2)       
      COMMON/beth/farad,gascon,umem,nep,temp,node 
      INTEGER NSTEP,NVAR 
      PARAMETER(NVAR=2,NSTEP=200) 
      INTEGER i,j 
      REAL xx(2000),x1,x2,y(2,2000),vstart(NVAR) 
      COMMON /path/ xx,y 
      EXTERNAL derivs 
 
      
      OPEN(unit=5,file='memb.dat',status='unknown')     
      OPEN(unit=6,file='memb.res',status='unknown') 
              
      farad=96485.3383  
      gascon=8.3145  
!      convrg=1.0D-5   
!      PRINT*,' auto 1 other 0' 
!      read*,iauto 
      iauto = 1 
      IF(iauto.EQ.1)THEN 
!         READ(5,*)nep 
         READ(5,*)nep   
         print*, nep 
         write(6,*) nep 
         READ(5,*)temp,umem,radip 
         print*,temp,umem,radip 
         write(6,*)temp,umem,radip          
         DO i = 1,nep 
            DO j = 1,2 
              READ(5,*)vpm(i,j),diff(i,j),radis(i,j) 
              READ(5,*)con(i,j),edon(i,j) 
              PRINT*,i,j,vpm(i,j),diff(i,j),radis(i,j) 
              PRINT*,con(i,j),edon(i,j) 
              WRITE(6,*)i,j,vpm(i,j),diff(i,j),radis(i,j) 
              WRITE(6,*)i,j,con(i,j),edon(i,j)                
            END DO    
            vpm(i,1)=DABS(vpm(i,1)) 
            vpm(i,2)=-DABS(vpm(i,2)) 
         END DO   
      ELSE        
         Print*,' Where is the data??' 
         stop 
      END IF  
      node=200  
       
      conf(1,1)=con(1,1)/1.0 
      conf(1,2)=con(1,2)/1.0 
       
!     set intial value of y 
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      y(1,1)=con(1,1)*exp(-vpm(1,1)*farad*edon(1,1)/gascon/temp)   
      y(2,1)=con(1,2)*exp(-vpm(1,2)*farad*edon(1,2)/gascon/temp)                  
 
!     thick = membrane thickness in micron            
      x1=0.0D-6 
      vstart(1)=y(1,1) 
      vstart(2)=y(2,1) 
      x2=20.0D-6  
      call membrane(vstart,NVAR,x1,x2,NSTEP,derivs) 
      call output 
      do 11 i=1,200 
        print*,i,xx(i),y(1,i),y(2,i)               
11    continue 
      END 
 
      SUBROUTINE derivs(x,y,dydx) 
      REAL x,y(*),dydx(*) 
      DOUBLE PRECISION con,conf,hidd,radis,radip 
      DOUBLE PRECISION vpm,diff,hidc,temp,umem,farad,gascon,edon     
      COMMON/aleph/con(10,2),vpm(10,2),diff(10,2),edon(10,2) 
      COMMON/alep/hidc(10,2),hidd(10,2),radis(10,2),radip 
      COMMON/ale/conf(2000,2)       
      COMMON/beth/farad,gascon,umem,nep,temp,node 
 
!     calculate hidd 
       con1 = 2.30*(radis(1,1)/radip)  
       con2 = 1.154*((radis(1,1)/radip)**2)  
       con3 = 0.224*((radis(1,1)/radip)**3)  
       hidd(1,1) = (1.0-con1+con2+con3)  
       con4 = 2.30*(radis(1,2)/radip)  
       con5 = 1.154*(radis(1,2)/radip)**2  
       con6 = 0.224*(radis(1,2)/radip)**3 
       hidd(1,2) = (1.0-con4+con5+con6)  
            
!     calculate hidc  
       cons1 = 0.054*(radis(1,1)/radip) 
       cons2 = 0.988*((radis(1,1)/radip)**2) 
       cons3 = 0.441*((radis(1,1)/radip)**3) 
       hidc(1,1) = (2-(1-(radis(1,1)/radip))**2)*(1.0+cons1-cons2+cons3) 
       cons4 = 0.054*(radis(1,2)/radip) 
       cons5 = 0.988*((radis(1,2)/radip)**2) 
       cons6 = 0.441*((radis(1,2)/radip)**3) 
       hidc(1,2) = (2-(1-(radis(1,2)/radip))**2)*(1.0+cons4-cons5+cons6)         
 
 
        constant1=vpm(1,1)*umem/diff(1,1)/hidd(1,1) 
        const1= (constant1)*(hidc(1,1)*y(1)-conf(1,1)) 
        constant2=vpm(1,2)*umem/diff(1,2)/hidd(1,2) 
        const2= (constant2)*(hidc(1,2)*y(2)-conf(1,2))         
        const3= vpm(1,1)*vpm(1,1)*y(1) 
        const4= vpm(1,2)*vpm(1,2)*y(2) 
         
        cons=(const1+const2)/((farad/gascon/temp)*(const3+const4))          
         
        constant3=umem/diff(1,1)/hidd(1,1) 
        const5 = (constant3)*(hidc(1,1)*y(1)-conf(1,1)) 
        const6 = (vpm(1,1)*y(1)*farad/gascon/temp)*cons          
         
        constant4=umem/diff(1,2)/hidd(1,2) 
        const7 = (constant4)*(hidc(1,2)*y(2)-conf(1,2))                             
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        const8 = (vpm(1,2)*y(2)*farad/gascon/temp)*cons 
                 
        dydx(1) = (const5-const6)   
        dydx(2) = (const7-const8)   
 
        conf(2,1)=y(1)/((exp(-vpm(1,1)*farad*edon(1,1)/gascon/temp))) 
        conf(2,2)=y(2)/((exp(-vpm(1,2)*farad*edon(1,2)/gascon/temp))) 
       
        change = ((conf(1,1) - conf(2,1))/conf(1,1)) 
        change = ((conf(1,2) - conf(2,2))/conf(1,2)) 
         
        relax=0.9 
         
        conf(1,1)=relax*conf(1,1)+(1-relax)*conf(2,1) 
        conf(1,2)=relax*conf(1,2)+(1-relax)*conf(2,2) 
 
 
      print*,change,y(1),y(1),cons,conf(1,1) 
      return 
      END 
 
      SUBROUTINE membrane(vstart,nvar,x1,x2,nstep,derivs) 
      DOUBLE PRECISION con,conf,hidd,radis,radip 
      DOUBLE PRECISION vpm,diff,hidc,temp,umem,farad,gascon,edon     
      COMMON/aleph/con(10,2),vpm(10,2),diff(10,2),edon(10,2) 
      COMMON/alep/hidc(10,2),hidd(10,2),radis(10,2),radip 
      COMMON/ale/conf(2000,2) 
      COMMON/beth/farad,gascon,umem,nep,temp,node                     
      INTEGER nstep,nvar,NMAX,NSTPMX 
      PARAMETER (NMAX=2,NSTPMX=2000) 
      REAL x1,x2,vstart(nvar),xx(NSTPMX),y(NMAX,NSTPMX) 
      EXTERNAL derivs 
      COMMON /path/ xx,y     
CU    USES rk4 
      INTEGER i,k 
      REAL h,x,dv(NMAX),v(NMAX) 
      do 11 i=1,nvar 
         v(i)=vstart(i) 
         y(i,1)=v(i)          
11    continue           
      xx(1)=x1 
      x=x1 
      h=(x2-x1)/nstep 
      do 13 k=1,nstep 
        call derivs(x,v,dv)  
        call rk4(v,dv,nvar,x,h,v,derivs) 
       if(x+h.eq.x)pause 'stepsize not significant in membrane' 
        x=x+h 
        xx(k+1)=x 
        do 12 i=1,nvar 
          y(i,k+1)=v(i) 
12      continue 
      print*,xx(k+1),y(1,k+1),y(2,k+1) 
13    continue 
      return 
      END 
 
      SUBROUTINE rk4(y,dydx,n,x,h,yout,derivs) 
      DOUBLE PRECISION con,conf,hidd,radis,radip 
      DOUBLE PRECISION vpm,diff,hidc,temp,umem,farad,gascon,edon     
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      COMMON/aleph/con(10,2),vpm(10,2),diff(10,2),edon(10,2) 
      COMMON/alep/hidc(10,2),hidd(10,2),radis(10,2),radip 
      COMMON/ale/conf(2000,2)       
      COMMON/beth/farad,gascon,umem,nep,temp,node                   
      INTEGER n,NMAX 
      REAL h,x,dydx(n),y(n),yout(n) 
      EXTERNAL derivs 
      PARAMETER (NMAX=2) 
      INTEGER i 
      REAL h6,hh,xh,dym(NMAX),dyt(NMAX),yt(NMAX)       
      hh=h*0.5 
      h6=h/6. 
      xh=x+hh       
      do 11 i=1,n 
        yt(i)=y(i)+hh*dydx(i) 
11    continue 
      call derivs(xh,yt,dyt) 
      do 12 i=1,n 
        yt(i)=y(i)+hh*dyt(i) 
12    continue 
      call derivs(xh,yt,dym) 
      do 13 i=1,n 
        yt(i)=y(i)+h*dym(i) 
        dym(i)=dyt(i)+dym(i) 
13    continue 
      call derivs(x+h,yt,dyt) 
      do 14 i=1,n 
        yout(i)=y(i)+h6*(dydx(i)+dyt(i)+2.*dym(i)) 
14    continue 
      return 
      END 
 
      SUBROUTINE output 
      IMPLICIT REAL (A-H,O-Z) 
      DOUBLE PRECISION con,conf,radis,radip 
      DOUBLE PRECISION vpm,diff,hidc,temp,umem,farad,gascon,edon   
      COMMON/aleph/con(10,2),vpm(10,2),diff(10,2),edon(10,2) 
      COMMON/alep/hidc(10,2),hidd(10,2),radis(10,2),radip       
      COMMON/ale/conf(2000,2) 
      COMMON/beth/farad,gascon,umem,nep,temp,node 
      INTEGER NSTEP,NVAR 
      PARAMETER(NVAR=2,NSTEP=200) 
      INTEGER i,j 
      REAL xx(2000),x1,x2,y(2,2000),vstart(NVAR) 
      COMMON /path/ xx,y 
      i = 1  
      write(6,10) i,xx(i),y(1,i),y(2,i) 
      DO i = 2,node 
         iz = i/50 
         ii = 50*iz 
         IF(i.eq.ii)THEN 
           print*, i,xx(i),y(1,i),y(2,i) 
           write(6,10)i,xx(i),y(1,i),y(2,i) 
         END IF 
      END DO 
 10   FORMAT(i6,5(8x,e13.7))        
      RETURN 
      END 
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Appendix 5 
0.9nm membrane active layer and its supporting layer. 
  
Figure 1. 0.9nm membrane at 100.0μm.   Figure 2. 0.9nm membrane at 10.0μm. 
   
Figure 3. 0.9nm membrane at 5.0μm.   Figure 4. 0.9nm membrane at 2.0μm. 
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Appendix 6 
1.0nm membrane active layer and its supporting layer. 
   
Figure  1. 1.0nm membrane at 1.0mm.   Figure  2. 1.0nm membrane at 300.0μm. 
   
Figure  3. 1.0nm membrane at 100.0 μm.   Figure  4. 1.0nm membrane at 50.0μm. 
  
Figure  5. 1.0nm membrane at 20.0μm.   Figure  6. 1.0nm membrane at 10.0μm. 
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Figure  7. 1.0nm membrane at 10.0μm.   Figure  8. 1.0nm membrane at 10.0μm. 
   
Figure  9. 1.0nm membrane at 5.0μm.   Figure  10. 1.0nm membrane at 2.0μm. 
   
Figure  11. Surface of 1.0nm membrane at 100.0μm.  Figure  12. Surface of 1.0nm membrane at 10.0μm. 
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Appendix 7 
Equipment used during the experiments. 
 
Figure 1. Oakton pH/ORP controller, 1000 series. 
 
Figure 2. Accumet pH/Ion/Conductivity Meter (Fisher Scientific, Model 50). 
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Figure 3. Fistreem Cyclon. 
 
Figure 4. SEM (FEI Quanta 200, Purge, Czech Republic) and EDXS equipment (EDXS, Amertek Inc, Paoli, PA, USA). 
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Figure 5. Laser Doppler Velocimeter, Zetasizer 3000HS advance, Malvern instrument GmbH, UK. 
 
Figure 6. Mistral 1000 (MSE), centrifuge device. 
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Figure 7. Experimental setup of the NF membrane rig. 
 
Figure 8. Membrane module. 
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